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EFFECT OF ERUCIC ACID ON INCORPORATION OF 
ACETATE-1-C* INTO CHOLESTEROL AND FATTY ACIDS! 


K. K. CARROLL 


Abstract 


Young male rats were fed synthetic diets containing either no fat or various 
individual fatty acids for 3 to4 weeks. They were then killed and the incorpora- 
tion of acetate-1-C" into cholesterol and fatty acids was measured in liver slices 
and in scrapings of intestinal mucosa. Acetate incorporation into cholesterol by 
liver slices was much greater in animals fed erucic acid than in those fed no fat, 
palmitic, stearic, oleic, or linoleic acids. A marked differential was not observed 
in fatty acid incorporation but values tended to be higher on the fat-free and 
erucic acid diets. Erucic acid did not stimulate acetate incorporation into 
cholesterol by mucosa and in general mucosa seemed to be less sensitive to 
changes in diet. The results are discussed in relation to previously observed 
effects of erucic acid on cholesterol metabolism. 


Introduction 


The effects of erucic acid on cholesterol metabolism have been the subject 
of a number of previous communications from this laboratory (1, 2). It has 
been found that when this fatty acid is fed to rats at levels of 10 to 15% of 
the diet, it causes an accumulation of cholesterol in the adrenal cortex and 
the liver and an increased excretion of cholesterol in the feces. The diets 
used in these experiments contain essentially no cholesterol. Nervonic acid, 
a homologue of erucic acid, produces similar effects when it is fed at these 
levels. Saturated fatty acids such as palmitic acid and stearic acid cause an 
increase in fecal excretion of cholesterol but do not appear to alter its con- 
centration in the adrenals or liver. 

The increased cholesterol in the tissues and in the feces of rats fed erucic 
acid could result either from increased synthesis or from decreased breakdown 
and the present experiments were carried out to determine whether a diet 
containing erucic acid would alter the ability of rat tissues to incorporate 
labelled acetate into cholesterol. It was at first thought that the fecal 
cholesterol could originate in the liver and pass via the bile to the intestine 
and then to the feces. However, experiments on rats with cannulated bile 
ducts showed that biliary cholesterol was not increased by feeding erucic 

1Manuscript received February 24, 1959. 
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acid and, moreover, the amount of cholesterol excreted in the bile per day was 
only 1 to 2 mg whereas the amounts excreted in the feces may be as high as 
15 to 20 mg per day in the absence of any dietary sterol (2). This suggested 
that the fecal cholesterol was derived either from synthesis in the intestinal 
mucosa or from synthesis in some other tissue followed by transport in the 
blood and secretion into the intestine. The first experiments on acetate 
incorporation were therefore carried out with scrapings of intestinal mucosa. 
When mucosa derived from rats fed erucic acid failed to show an increased 
ability to incorporate acetate into cholesterol, further experiments were car- 
ried out with liver slices. The incorporation of acetate into fatty acids by 
intestinal mucosa and liver slices was also measured. It was thought that 
this might help to determine the specificity of observed effects of diet on the 
biosynthesis of cholesterol. 


Experimental 


Young male Sprague-Dawley rats weighing 80-90 g were caged in groups 
of three and fed the experimental diets for 3 to 4 weeks before they were 
killed. The diets had the following composition, expressed as parts by weight: 
fat-free diet—casein (purified) 18, dextrose 72, Phillips-Hart salt mixture 
(3) 4, and cellu flour 5; the fat-containing diets consisted of casein 22, dextrose 
52, fatty acid 15, salt mixture 5, and cellu flour 5. The diets contained an 
adequate supplement of water-soluble vitamins (2) but no fat-soluble vitamins. 
The erucic acid was obtained from the Archer-Daniels-Midland Co., 2191 West 
110th Street, Cleveland 2, Ohio, and was purified by two recrystallizations 
from three volumes of methanol at 0°C.? The purified material was a white 
solid, m.p. 32°C, with an iodine value (Hanus) of 71 and a neutral equivalent 
of 333 (theoretical: iodine value—74.8, neutral equivalent 338.5). Oleic, 
palmitic, and stearic acids were obtained from Nutritional Biochemicals, 
Cleveland, Ohio, and the oleic acid was distilled in vacuo before use. Triolein 
and trilinolein were obtained from the Hormel Institute, Austin, Minnesota, 
and trierucin and linoleic acid were kindly provided by Dr. B. M. Craig of the 
Prairie Regional Laboratory, Saskatoon, Saskatchewan. The casein and salt 
mixture (Phillips-Hart) were obtained from Nutritional Biochemicals and the 
dextrose from Ingram and Bell, Ltd., Toronto. The cellu flour was obtained 
from the Chicago Dietetic Supply House, Inc., Chicago, Illinois. 

The rats were killed by dislocating their cervical vertebrae. The intestine 
was removed and flushed with 30-40 ml of cold phosphate buffer, pH 7.1, 
then cut into lengths which were slit lengthwise and laid flat on a glass plate 
with the mucosa uppermost. The intestine was then held at one end with a 
microscope slide while a second slide held at an angle was moved lightly along 
the length to separate the mucosa from the underlying muscle and connective 
tissue. The mucosa was then scraped from the slide into a cold Petri dish. 
Aliquots of 750 mg, chosen so as to represent all levels of the small intestine, 


2The erucic acid was recrystallized by Canada Packers, Ltd., Toronto, through the courtesy 
of Dr. L. J. Rubin. 


: 


CARROLL: EFFECT OF ERUCIC ACID 805 


were added to 25-ml Erlenmeyer flasks containing 4.5-4.8 ml of Krebs-Ringer 
phosphate buffer and acetate-1-C™ (1 mc/mmole) in physiological saline to 
make 5 ml. The flasks were gassed with oxygen, stoppered, and incubated 
for 3 hours at 37° C in a Dubnoff Metabolic Shaking Incubator. 

The liver was also placed in cold phosphate buffer as soon as it was removed. 
Slices were prepared with a Stadie-Riggs microtome and 750 mg was in- 
cubated in Krebs-Ringer phosphate buffer with labelled acetate as described 
above. 

Following incubation of the samples, 2.5 g of potassium hydroxide and 
20 ml of ethanol were added to each flask and the mixture was refluxed for 
3 hours. The non-saponifiable material was extracted with three 25-ml 
portions of petroleum ether (35-60°). The combined extract was washed 
twice with 25-ml portions of 0.05 N acetic acid (3 ml of glacial acetic acid 
diluted to a liter) and once with 25 ml of water. The extracted aqueous— 
alcoholic solution was diluted with 10 ml of water and acidified to pH 4 with 
3.5—4.0 ml of concentrated hydrochloric acid. The extraction with petroleum 
ether was repeated to remove the fatty acid fraction and the extract was 
washed as described above. 

The extracts of both non-saponifiable and fatty acid fractions were allowed 
to evaporate to dryness in tared 100-ml beakers. The fatty acid extracts 
were then made up in 10 ml of methanol and 0.5-ml aliquots were plated in 
duplicate directly on aluminum planchets for measurement of radioactivity in 
a gas-flow counter (Nuclear Chicago). The total counts were corrected for 
background and expressed as a percentage of the counts added as acetate-1- 
C* to the original incubation mixture. 

Each extract containing non-saponifiable material was transferred to a 
centrifuge tube with hot acetone-alcohol (1:1). Insoluble material was 
centrifuged and the supernatant and washings were transferred to a second 
centrifuge tube to give a total volume of about 8 ml. To this was added 2 
drops of 10% acetic acid and 6 ml of a 0.4% solution of digitonin in aqueous 
ethanol (4), and the mixture was allowed to stand overnight. The pre- 
cipitated digitonides were centrifuged and washed as in the Sperry-Webb 
procedure (4). The digitonides were then dissolved in hot methanol and 
made up in a total of 10 ml. A 0.5-ml aliquot was used for a colorimetric 
determination with the Liebermann—Burchard reagent and other 0.5-ml 
aliquots were plated for determination of radioactivity as described for the 
fatty acid fractions. 


Results 


The results of some typical experiments are shown in Table I. In these 
experiments the incorporation of labelled acetate into cholesterol and fatty 
acids was measured both in intestinal mucosa and in liver slices. In mucosa 
the amount of radioactivity incorporated into either cholesterol or fatty acids 
generally failed to show changes that could be correlated with the diet. In 
particular, there was no indication of increased incorporation into cholesterol 
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in rats fed erucic acid. Incorporation into cholesterol appeared to be low on 
diets containing linoleic acid or trilinolein but the results may have been 
affected by oxidative changes in the linoleic acid after it was incorporated 
into the diets. It was found that these diets were not readily accepted unless 
the food cups were cleaned and filled with fresh food each day and even then 
the rats ate very little and failed to grow when the diet contained 15% linoleic 
acid (experiment 1). The cholesterol content of the intestinal mucosa failed 
to show specific changes that could be related to diet but the fatty acid content 
was appreciably increased in rats fed erucic acid. The mucosa of these 
animals was milky in appearance, suggesting that the villi were filled with 
emulsified fat. This may be related to the slow rate of absorption of erucic 
acid (5). 

In the liver the incorporation of radioactivity into cholesterol was stimulated 
by erucic acid fed either as the free acid, as the triglyceride, or as the free acid 
in the presence of dietary cholesterol. There was, however, in most cases no 
corresponding effect on incorporation of acetate into fatty acids. Other 
dietary fatty acids seemed to have no consistent effects on acetate incorpora- 
tion but there was some indication that a fat-free diet stimulated incorpora- 
tion into fatty acids. This has also been observed in other laboratories (6, 7). 

The concentration of cholesterol in the liver was not increased appreciably 
by erucic acid in the present experiments although elevated levels had been 
observed in previous studies (2). The reason for this discrepancy is not 
known but Whitney and Roberts (7) have reported elevated liver cholesterol 
values in rats on a high fat diet which decreased by 40% during a 6-hour 
incubation in vitro. A similar decrease during incubation could explain the 
differences in our results. The rats used in experiments 5 and 6 (Table I) 
appear to have elevated liver cholesterols and this result might be expected 
when cholesterol is included in the diet but the increase in rats fed triolein or 
trierucin would require confirmation in a larger group of animals. 


Discussion 


The present studies were undertaken in an attempt to understand the 
changes in cholesterol metabolism caused by the feeding of erucic acid. It 
was therefore of interest to find that this fatty acid consistently stimulated the 
incorporation of labelled acetate into cholesterol by rat liver slices. This 
suggests the possibility that increased synthesis of cholesterol by the liver may 
account for the raised tissue cholesterol levels and the increased excretion of 
cholesterol in the feces. 

In previous studies the liver was tentatively ruled out as a source of the 
fecal cholesterol because the amount of biliary cholesterol was unsufficient to 
account for the fecal cholesterol and, further, the excretion of biliary choles- 
terol appeared to be unaffected by erucic acid (2). However, early studies 
of Sperry (8-10) indicated that, in the dog, fecal lipids are derived from the 
intestinal wall rather than introduced by way of the bile. He suggested that 
there may be a leakage of plasma lipids in the intestine and that this may be 
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a method of removing excess sterols from the organism. Further, the liver 
appears to be the major endogenous source of plasma cholesterol (11-13) and 
there is evidence from clinical studies of a relationship between plasma 
cholesterol and fecal cholesterol (14, 15). It is therefore conceivable that the 
excess fecal cholesterol excreted by rats on erucic acid diets may have origin- 
ated in the liver. There is no suggestion from the present experiments that 
it is derived from increased synthesis by the intestinal mucosa. 

The possibility of a relationship between liver cholesterol synthesis and 
increased fecal excretion of cholesterol still leaves unanswered the question 
of the mechanism by which these effects are produced. The rate of synthesis 
of cholesterol by liver has been found by Swell, Trout, Field, and Treadwell 
(16) to be greatly increased by continuous removal of cholesterol through a 
lymph fistula. It is possible that erucic acid may have a similar effect on the 
liver by interfering with the reabsorption of cholesterol from the intestine 
but the results of the following experiments suggest that this is unlikely. 

Balance experiments have been carried out in which oleic acid and erucic 
acid were fed with and without cholesterol (Table II). Estimation of the fecal 


TABLE II 
Effect of diet on absorption of cholesterol 
Cholesterol 
Food Fecal Output in 
intake/ Amount Intake/ output/ excessof Amount 
24 hr, in diet, 24 hr, 24 hr, control, absorbed, % 
Diet 4 % mg mg mg mg absorbed 
15% oleic First 11.8 0 0 6.7 _ _ _ 
acid collection 10.7 0.25 26.8 16.0 9.3 B.S 65 
period 
Second 13.3 0 
collection 11.6 0.25 29.0 19.0 11.9 e7.a 59 
period 
15% erucic First 11.3 0 0 25.5 — — os 
aci collection 11.8 0.25 29.5 35.8 10.3 19.2 65 
period 
Second 42..7 0 0 35.0 
collection 13.1 0.25 32.8 50.2 15.2 17.6 54 
period 


Note: Results were obtained with groups of three male rats fed synthetic a as described in the experimental 
section, with and without added cholesterol. After a 2-day orientation period, the food intake was measured and 
the feces collected for two successive 7-day periods. The diets lacking cholesterol were used as controls to assess 
the excretion of endogenous cholesterol. The values for food intake and fecal excretion were divided by three 
so that the results were expressed in terms of a single rat. 


cholesterol indicated that the percentage of dietary cholesterol absorbed was 
similar in the presence of either fatty acid. These results are open to the 
objection that the excretion of endogenously produced cholesterol may be 
altered by the presence of cholesterol in the diet. However, other experiments 
have also indicated that cholesterol is readily absorbed in the presence of 
erucic acid. When cholesterol was fed to rats in various synthetic diets it 
was found that their plasma cholesterol was much higher on diets containing 
oleic acid or erucic acid than on a fat-free diet or one containing stearic acid 
(Table III). In view of these results, it seems possible that the primary 
effect of erucic acid is exerted on the liver to stimulate cholesterol synthesis 
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TABLE III 
Effect of dietary fatty acids with cholesterol on plasma cholesterol levels 

Fatty acid Cholesterol, mg/100 ml of plasma 

fed Free Total 
None 38+4* 141+9* 
Stearic acid 30+3 118+9 
Oleic acid 102 +10 457 +34 
Erucic acid 90+21 347+58 


* Standard error of the mean. 

Note: Results are averages for groups of three male rats fed synthetic diets similar to those described in the 
experimental section, except that fatty acids were added at the 10% level by weight and each diet contained 2% 
of cholesterol. The diets were fed for 3 weeks. 


and the increased fecal excretion may be merely a means of removing the 
excess sterol. 

The stimulation of liver cholesterol synthesis by erucic acid observed in the 
present studies is in agreement with the work of Wood and Migicovsky (17), 
who reported that feeding either erucic acid or rapeseed oil increased the 
incorporation of acetate into cholesterol by liver homogenates and in intact 
rats. These workers also observed increased incorporation into cholesterol 
in rats fed corn oil or oleic acid whereas in our experiments oleic acid had 
little effect. 

The influence of dietary fat on cholesterogenesis in rat liver has been in- 
vestigated recently in several other laboratories. Mukherjee and Alfin- 
Slater (18) found that incorporation of acetate into cholesterol by liver slices 
was much greater on a diet containing 15% cottonseed oil than on a fat-free 
diet or a diet containing 30% hydrogenated coconut oil. When their fat-free 
diet was supplemented with 100 mg of methyl linoleate per day, the level of 
incorporation was raised to that found in rats on the cottonseed oil diet. In 
the present experiments linoleic acid appeared actually to inhibit acetate 
incorporation but it has already been pointed out that our results may have 
been affected by oxidative changes in the linoleic acid. However, the oleic 
acid used in our experiments contained approximately 3% of linoleic acid and 
it also failed to stimulate the incorporation of labelled acetate into cholesterol. 
Linazarro, Hill, Chevallier, and Chaikoff (6, 19) reported that feeding diets 
containing 15% of lard, corn oil, Wesson oil, or a hydrogenated vegetable oil 
increased the incorporation of acetate into cholesterol by rat liver slices and 
decreased the incorporation into fatty acids. Each of the fats had about the 
same stimulating effect on cholesterogenesis and similar results were obtained 
in experiments with intact rats. 

Results from all three laboratories indicate that changes in cholestero- 
genesis produced by dietary fat occur within a short period of time. The 
experiments of Linazarro et al. were carried out after feeding the diets for only 
3 days. Mukherjee and Alfin-Slater reported values for acetate incorporation 
after 1 week on a given diet which were similar to those obtained after 4 or 
16 weeks on the same diet. Wood and Migicovsky found that a rapeseed oil 
diet gave as much stimulation in liver homogenates after 3 days as it did after 
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4 weeks. The latter finding is of interest to the present discussion because 
erucic acid has been found to cause an increase in fecal cholesterol excretion 
during the first week of feeding (2). This may be interpreted as evidence in 


favor of a relationship between increased liver cholesterol synthesis and 
increased fecal excretion. 
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HISTOLOGICAL EVIDENCE FOR CELLULAR ADAPTATION 
TO NON-FREEZING COLD INJURY! 


O. HEroux 
With the technical assistance of DONNA WRIGHT 


Abstract 


The development and the healing of non-freezing cold injury in ears of rats 
maintained at 6° C for 118 days and followed at different times of exposure 
revealed histological changes of a different nature at 4-6 mm away from the edge 
of the ear from the changes at 1-3 mm. In the first 3 mm during the first 21 
days of exposure there was a continuous drop in the number of prophases and 
telophases and a parallel increase in the number of blocked and degenerating 
metaphases. In the second week, inflammatory reactions appeared; in the 
third week, the edema and lymphocyte infiltration was quite severe, and at that 
time 10% of the epithelium was degenerating. At the end of the fourth week, 
in the non-necrotic part of the epidermis, the number of prophases and telophases 
had returned to the initial level and the number of blocked metaphases was back 
to normal. After 56 to 118 days, no signs of edema, necrosis, or blocked meta- 
phases could be found. In summary, the cold injury developed in the first 3 or 
4 weeks and healed in the following month. After 2 months, cold temperature 
had no damaging effect on the epidermal tissue. 

At 4-6 mm from the edge of the ear, no cold injury developed, but in the first 
week there was a slight degree of mitotic blocking which disappeared during the 
second week. Essentially the same picture was observed at the 1-3 mm location 
in the ears of rats kept at 15° C. 

On the assumption that mitotic blocking is due to a disturbance of the ionic 
transfer through the cellular membrane, it is suggested that the primary cause of 
cold injury is a direct thermal damage to the membrane. 


It is a common observation that cold injury develops in the extremities of 
the ear, tail, and penis of laboratory animals continuously kept for 1 to 3 
weeks at temperatures ranging from 0° to 6° C. 

On the other hand, various species of wild animals such as the seal and the 
herring gull have been found to maintain a peripheral temperature of near 
0° C without any gross evidence of cold injury (17, 24). This certainly in- 
dicates acquired resistance to cold in the peripheral tissues. Scholander 
et al. (24) observed that a herring gull which had been kept in a warm room 
froze the web on its feet when it escaped into a cold environment; this was 
taken as an example of a loss of adaptation. 

Similarly, Blair (3) found that previous conditioning to moderate cold 
exposure for a 7-week period protected rabbits and rats against frostbite 
when they were exposed to more intense cold stress. Valid reasons have been 
given by Blair to eliminate learning, fur growth, or higher metabolism as 
factors concerned in protection against frostbite. But other possibilities have 
also been suggested, such as circulatory changes, increased tissue resistance, 
and capability of acclimatized tissues to step up their metabolism to a higher 
level than non-acclimatized tissues, for the same tissue temperature. 

1Manuscript received in original form December 15, 1958, and, as revised, March 20, 1959. 
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The greater number of capillaries found in the ears of cold-adapted rats 
(15) and the slightly higher skin temperatures (16) favored circulatory changes 
as one factor responsible for the resistance to the pathological effects of cold 
exposure. However, observations that inhalation of pure oxygen during cold 
exposure did little to prevent the non-freezing immersion foot injury (21) or 
the freezing injury on the rat’s tail (2) weaken the theory that a greater 
supply of oxygen through capillary vasodilation explains the greater tissue 
resistance to cold. 

In order to obtain a clearer picture of the effect of cold on the peripheral 
tissues, a histological study has been carried out on ear sections of rats kept 
at 6° C or 15° C for various lengths of time up to 118 days. Ear and epidermis 
thicknesses, degree of edema, number of capillaries, number of epidermal 
cells per millimeter, number of blocked metaphases, nuclear diameters, and 
the extent of degeneration in the epidermis were recorded. 


Experimental Procedures 


Ninety-six Sprague Dawley male rats of an average body weight of 215 g 
were randomly assigned to 16 different groups which were kept for 3 days at 
22° C. Six rats remained at 22° C to serve as controls. Forty-two rats were 
moved to a constant temperature room maintained at 15° C and 54 were 
transferred to a room maintained at 6° C. After 2, 7, 14, 21, 28, 56, 83, and 
118 days, groups of six rats chosen at random from each acclimation room 
were killed. Each rat was in an individual wire cage and had an ‘‘ad libitum” 
supply of ‘‘Master Fox Chow”’ and tap water. The artificial lights were on 
from 8 a.m. to 8 p.m. every day. After each exposure period the six rats in 
the respective groups were lightly anesthetized at 9.00 a.m. and a 3X7 mm 
piece of tissue running radially from the tip to the center of the ear was cut 
with scissors and dropped into Bouin’s fixative. Twenty-four hours later the 
tissues were dehydrated in alcohol, cleared in toluol, infiltrated, and embedded 
in paraffin (Fisher Tissuemat, melting point 54~-56° C), cut longitudinally on 
the microtome at 104, and finally stained with haematoxylin and eosin. 

The thickness of one ear sample of each rat was measured 1.6 mm away 
from the tip with an eyepiece micrometer at a magnification of 2.5 12.5. 
Similarly the thickness of the epidermis and the diameters of 10 nuclei on 
each side of the ear were measured at 1 mm and 5 mm from the tip, at a 
magnification of 12.5100, and averaged, and the number of nuclei in a 
68-4 length of epidermis, was recorded. After measuring the percentage 
length of degenerative epidermis, the degrees of edema and of leucocyte in- 
filtration were subjectively estimated. 

Counts of 2000 resting nuclei were carried out separately under oil (800) 
in the first 3 mm from the tip of the ear and in the following 4to6mm. The 
number of epidermal cells in each of the four mitotic stages and the number of 
blocked metaphases found among the 2000 counted cells were recorded for 
each of the two locations, i.e. at 1 to 3 mm and 4 to 6 mm from the tip. The 
dentification of the different stages of mitosis was done according to the 
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criteria described by Leblond and Stevens (19). The blocked metaphase had 
the usual characteristic appearance of the colchicine-blocked mitosis: the 
cytoplasm appeared clear, edematous, and turgid, and the chromosomes 
were condensed or clumped into a tight mass so that the individual chromo- 
somes could not be distinguished (Fig. 6). Cells were counted only in the 
Malpighian layer of the flat portions of the skin and not in the epidermis of 
the hair columns. 

Capillaries were counted according to a method described in a previous 
paper (15), but this time they were stained with ammonium molybdate 
benzidine instead of pure benzidine. The zero day control values were 
obtained on rats adapted to 30° C for 28 days. 


Results 


At 1 to 3 mm from the Tip in Ears of 6° C Rats 

The first recognizable histological change to appear on the ear sections of 
6° C rats was an increase in the number of blocked metaphases after 2 days in 
the cold room (Fig. 6). This increase reached its maximum between the 
first and the third week (Fig. 1). By the end of the fourth week, the number 
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Fic. 1. Number of mitotic cells/2000 cells in the different stages of division at different 
times during acclimation at +6° C. The very small number of anaphases has been 
omitted in the graph. 


of stopped metaphases was normal again and remained essentially the same 
up to the 118th day of cold exposure. According to the multiple range tests 
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(8), the log transformed counts appeared significantly higher (5% level) on 
days 2, 7, 14, and 21 than on days 0, 28, 56, 83, 118 (Table I). 


TABLE I 


Mean transformed blocked metaphase counts and 
corresponding original observations 


Rats at 6° C 

1-3 mm from tip of ear 
Day 0 2 7 14 21 28 56 83 118 s.d. 
Log 0.361 0.896 1.412 1.863 1.473 0.725 0.564 0.444 0.707 0.361 
Obs. 1.6 S48 35.2 5.0 4.0 5.9 

4-6 mm from tip of ear 
Day 0 2 7 14 21 28 56 83 118 s.d. 
Log 0.361 0.813 1.236 0.775 0.674 0.481 0.358 0.413 0.294 0. 397 
Obs. 1.6 8.8 19.8 9.2 4.5 2.8 2.2 2.0 : 

Rats at +15° C 

Day z 7 14 21 28 56 83 s.d. 
Log 0.400 0.862 1.052 1.286 0.694 1.015 0.481 0.271 
Obs. 2.0 7.0 11.5 18.8 3.5 “.2 2.8 


Note: The italicized counts were significantly higher than the others according to the multiple rank tests. 


Both prophases and telophases (Figs. 3 and 4) decreased in number during 
the first 21 days (Fig. 1) but during the fourth week their number returned to 
normal and kept on increasing thereafter. After 2 months there was a 75% 
increase above the initial level in the number of prophases, and a 37% increase 
in telophases. By the end of the third month, both types of cell had returned 
to the initial level again. Only ‘normal’ metaphases were more abundant 
from the 28th to the 118th day of cold exposure (Fig. 5) than in room tem- 
perature control. As a result the total number of mitotic cells was greater 
after 3 months of acclimation than before. 

Inflammatory reactions, such as edema and leucocyte infiltration (Fig. 9) 
with resulting increase in ear thickness, did not appear before the 14th day 
and reached a maximum between the second and third week (Table II). At 
that time, from 10.7% to 11.8% of the tip of the ear was in complete degenera- 
tion, with very few intact cells remaining. One month later, there were no 
further signs of cold injury; inflammation and necrosis had completely dis- 
appeared. 

There was no change in the number of cells per unit length of epidermis up 
to the 14th day. This number gradually fell, however, in the following 2 
weeks at the time when inflammation and degeneration were at their peak. 
In the next 3 months it gradually rose to a level which was 41% greater than 
the initial one (Fig. 2). 

The nuclear and nucleolar sizes and the thickness of the epidermis remained 
stable during the first 21 days. By the end of the fourth week they started 
to increase and reached a maximum by the end of the third month (Figs. 2, 
7, and 8). After 4 months, the percentage increase in nuclear size was down to 
25% from a maximum of 44% and the percentage increase in the thickness 
of the epidermis was down to 135% from a maximum of 209% observed after 
3 months (Fig. 2). 
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Fic. 2. Percentage of changes in epidermis thickness, nucleus diameter, and number of 
cells in Malpighian layers of the ears at different times of acclimation at +6° C. 


At 4 to 6 mm from the Tip in Ears of 6° C Rats 

At this location there was also a significant increase in the number of blocked 
metaphases as early as 2 days after the transfer to cold (Table I). The 
increase reached a maximum after 7 days and by the 28th day the number 
had gradually returned to the initial level. According to the multiple range 
tests, counts on days 2, 7, 14, and 21 were significantly higher (5% level) 
than on the other days. There was no difference between the initial count 
and the 28, 56, 83, 118 days counts. The number of telophases followed a 
reverse pattern: while the number of blocked metaphases was increasing, the 
number of telophases was decreasing but the number of prophases did not 
change as at the periphery. During the third week a sudden increase was 
observed in prophases, metaphases, and telophases, but this increase dis- 
appeared during the next week. Normal metaphases had increased by the 
21st day, decreased again by the 28th day to reach a level which was four 
times higher than initially and which remained constant thereafter till the 
end of the experiment. As at 1 to 3 mm the total number of mitotic cells 
was therefore greater after acclimation than before. 
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Fics. 3-6. Photographs of mitotic cells: P=prophase, NM =normal metaphase, BM = 
blocked metaphase, A=anaphase, T =telophase. 750. 


Héroux—Can. J. Biochem, Physiol. 
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Fics. 7-9. Photographs showing the thickness of Malpighian layers of ear skin after 
28 days of acclimation at +6° C in Fig. 7 and at 30° C in Fig. 8. Edema and leucocyte ine 
infiltration in dermis are shown in Fig. 9. 505. te 


Héroux—Can. J. Biochem. Physiol. 
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No signs of inflammation and necrosis could be observed at any time but 
an increase in nuclear size and thickness of epidermis was noticed by the 14th 
day, both reaching a maximum by the 21st day and then gradually returning 
to the initial size by the 118th day (Fig. 2). 

Between the second and the third week, the number of epidermal cells 
started to increase and gradually reached a maximum by the 83rd day. In 
the following month it went back to the initial level. 


At 1-3 mm from the Tip in Ears of 15° C Rats 

The only evidence of cold injury in the ears of rats exposed to 15° C was a 
slight but definite increase in number of blocked metaphases (Table I). The 
multiple range test revealed that the counts were significantly higher after 7, 
14, 21, 56 days than after 2, 28, or 83 days; after 83 days the counts were 
back to the initial level observed after 2 days. No inflammation or necrosis 
was observed at that temperature. 


Discussion 
Cold Injury 

The gradual decline in prophases, the increase in blocked metaphases, and 
the reduction in telophases, at the periphery of the ear, reveal clearly that 
cold temperature not only slowed down the rate of entrance of the cells into 
division but also blocked the dividing cells at the metaphase stage. The 
accumulation of blocked metaphases was noticeable within 2 days. 

Most of these blocked metaphases eventually degenerated; after 21 days, 
11% of the epidermis at the tip was necrotic. Degeneration had extended to 
all the cells in these regions. In certain cases no epidermal cells could be 
found; there remained only debris and leucocytes. 

Evidence of edema and leucocyte infiltration appeared only after 14 days 
when the number of blocked metaphases had attained its peak. This obser- 
vation and the fact that no edema and subsequent necrosis ever appeared in 
the 4-6 mm region where mitotic blocking happened in fewer cells and lasted 
for a shorter time than at the tip suggest that inflammatory reactions occur 
only when there is an extensive direct cellular damage. In other words, as 
suggested by Lewis (20), non-freezing cold injury and probably freezing cold 
injury as well would not be secondary to vascular damage such as edema but 
would actually be just the reverse; edema would follow direct thermal damage 
to the cells. 

A whole series of chemical agents such as colchicine, colchicine derivatives, 
haloid derivatives of acenaphthene, ethylurethane, etc., which have no evident 
relationship in their chemical structures, and physical agents such as heat, 
high hydrostatic pressure, and irradiation, have also been found to stop 
cellular growth by blocking mitoses at the metaphase stage (9). A common 
characteristic in every case is an accumulation of sodium in the damaged cells 
and an excretion of potassium. 

Cold, dinitrophenol, streptomycin, and ultraviolet irradiation block growth 
and cause chromatin aggregation in bacterial cells in normal salt-containing 


: 
a 


818 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 37, 1959 


media, while no such effect appears in cells on low-salt media (25). From 
these results it has been concluded that the common basis for the phenomenon 
of chromatic aggregation in these different precipitating conditions is a dis- 
turbance in the metabolic functions essential to normal ion regulation in the 
cellular membrane. Since the selective accumulation of potassium and 
excretion of sodium have actually been found to be inhibited in vitro in frog 
renal tubular cells (6), human erythrocytes (5, 7), rabbit leucocytes (12), 
Ehrlich ascites tumor cells (13), and rat diaphragm muscles (22, 23) exposed 
to cold, it can be speculated that under cold conditions the chromatin aggrega- 
tion in bacteria and the clumping of chromosomes in higher cells are essentially 
the same phenomenon. 

In epithelial cells, as well as in bacteria, cold would reduce the effectiveness 
of the hypothetical sodium-pumping mechanism. The accumulation of 
sodium in the cells and the release of potassium might be responsible for the 
clustering of chromosomes at the metaphase and the eventual degeneration of 
the cell if the damage is severe and lasts long enough. Accumulation of water 
would also occur along with the retention of sodium. This has now been well 
demonstrated by Nixon and Stevenson (22, 23) and by Adolph and Richmond 
(1). 

Cellular Adaptation 

In addition to giving a clue to the primary cause of cold injury, the reported 
results also provide evidence for cellular adaptation to cold. Between the 
third and the fourth weeks, resting cells start and complete divisions again. 
The number of prophases increases, the number of blocked metaphases drops, 
and a greater number of cells reach telophases. Cold no longer blocks cel- 
lular division and, while the animals are still exposed to the same low tem- 
perature environment, the cold injury heals. All the typical signs of wound 
healing can be found after the 28th day, viz., bigger cells, as evidenced by a 
thickening of the epidermis concomitant with a decrease in number of cells, 
bigger nuclei and nucleoli, a greater number of mitotic cells, and a greater 
number of capillaries. It is interesting to note that similar signs of wound 
healing were found at the 4- to 6-mm location where the only evidence of 
cold injury was a slight and transient blocking of metaphases, which did not 
last more than a week. No wound or inflammatory reactions were ever 
apparent at that location. It is impossible yet to explain why cold injury is 
so slight at that location, although it would be a fair assumption to make that 
the tissue temperature would be higher there than at the tip. The presence 
of cold injury only at the tip of the tail and not at the base where a surface 
temperature of 11° C was recorded (16) could probably find a similar explana- 
tion. 

The increased resistance to cold of the cells at the tip of the ear might be 
linked with a readjustment of the circulation, which could have raised the 
oxygen supply or the tissue temperature to a non-damaging level. However, 
the observations of Montgomery (21) and Benitte (2) that inhalation of pure 
oxygen during exposure to cold did little to prevent cold injury does not 
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support the first possibility. Also, the blocking of mitotic cells in rats at 
15° C in which the ear skin temperature was most certainly higher than in the 
ears of 6° C rats acclimated for 3 or 4 months rules out the second possibility. 
Moreover, the observations reported by Chang and Walton (4) that human 
sperm can become acclimatized to cold in vitro indicates that resistance of 
cells to cold can increase independently of any change in oxygen supply or 
tissue temperature following circulatory readjustments. However, after a 
few weeks, through vasodilation and opening up of new capillaries, enough 
blood might be available to take away the toxic substances or to supply the 
required hormones to counteract or correct the effect of cold on ionic transfer. 
This local adaptation of the cells might be linked to the general acclimation 
mechanism since mitotic activity in the skin is renewed after 21 to 28 days of 
acclimation, at approximately the same time as when other general readjust- 
ments are taking place, such as disappearance of shivering (11) and return of 
the adrenal cortex activity towards a normal level (14). 

Even after 4 months of acclimation the epidermal tissue is still in dis- 
equilibrium at the tip of the ear since the number of cells is greater than it 
was at the beginning. At 5 mm from the tip a new steady state has almost 
been reached by the 118th day, the number of cells being only slightly greater 
after 4 months than at the beginning. 

In summary, the reported histological changes supply some evidence which 
indicates (a) that the primary cause of cold injury is a direct thermal damage 
to the cells, (b) that epidermal cells can adapt to cold. 
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FREEZING DAMAGE TO BOVINE CREAM INDICATED 
BY RELEASE OF ENZYMES! 


L. J. N. CoLe,? D. KLUEPFEL,? AnD C. V. LusEna’ 


Abstract 

When washed cream was frozen slowly and thawed, some breaking of the xe 
emulsion occurred and on centrifugation a pellet, mostly membrane material, Pe 
was obtained. Xanthine oxidase and alkaline phosphatase were present in this a 


pellet, but little enzyme activity was found in the aqueous phase. The main 
effect of slow freezing was to force the fat globules together so that alteration 
and redistribution of the membranes could occur, and, on thawing, fat could 
coalesce. Rapid freezing on the other hand distributed fat globules more evenly 
so that less coalescence could occur on thawing. 


Introduction 


The effect of freezing on emulsions of fluid oil in water with water-soluble 
emulsifiers has been studied microscopically (1). Under conditions where 
freezing broke the emulsion, oil droplets collected in advance of the growing aid 
ice crystals and were entrapped in clusters in the interstices between ice 
crystals. Dehydration by loss of water to the ice phase caused disorientation 
of the emulsifier membranes, and at points of contact between adjacent oil 
droplets the emulsifier became redistributed so that, on thawing, the droplets 
were able to coalesce. 

Bovine cream is an emulsion of butter oil in water, stabilized by lipoprotein 
membranes (2). A mechanism similar to that observed with fluid oil emul- 
sions (1) may be involved in the inversion of cream by freezing, although the 
| process would be restricted by the slow redistribution of the relatively large 
lipoprotein molecules of the membrane, and by the high viscosity of butter oil 
' at the thawing temperature. 

Exact determination of the degree of de-emulsification of cream by various 
treatments is difficult, but several enzymes such as xanthine oxidase and 
alkaline phosphatase are associated with the membrane (2) which is released 
into the water phase as particulate matter (3) by churning. Various other 
treatments, which cause some breaking of emulsion, also release these enzymes 
into the aqueous phase (4) and it seems reasonable to assume a relation be- 
: tween the extent of the inversion and the release of enzyme. In the investi- 
gation reported in the present paper, the release of enzymes was used to study 
| the mechanism by which freezing breaks the emulsion of washed cream. 


Materials and Methods 


Fresh bulk milk, kept at a temperature higher than 30° C, was separated - 
within 3 hours after milking. The cream fraction (45% to 55% fat) was ' 
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washed twice by dilution with 10 volumes of 0.01% ash free gelatin in distilled 
water at 35° C and re-separated. The fat content of washed cream was then 
adjusted to 40%. Eight milliliter aliquots of cream in glass tubes (0.7 cm 
I.D.) were cooled to 0° C, then frozen and stored for 20 hours at the tem- 
peratures indicated. Samples frozen at —2° C were seeded with a small 
piece of ice. The samples were thawed by immersion in a bath at 37° C for 
2 minutes and then diluted to 10% fat with 0.01% gelatin solution. Control 
samples were tested immediately after dilution to 40% fat. 

Thirty milliliters of diluted samples were centrifuged at 78,000 Xg (30,000 
r.p.m: No. 30 head of a Spinco Model L refrigerated centrifuge) for 2 hours. 
The samples were cooled from about 25° C to about 17° C during centrifuga- 
tion. Three layers were obtained: (a) an upper fat layer which was discarded, 
(b) an aqueous layer which was sampled with a pipette, and (c) a small pellet 
of opaque material which was resuspended in 10 ml of 0.01% gelatin solution 
and stored at 4° C. Enzyme activity and nitrogen were determined in frac- 
tions b and c. 

Xanthine oxidase activity was measured at 37° C by following the decrease 
in optical density at 660 my resulting from the reduction of methylene blue. 
The Thunberg colorimeter tubes contained 0.21 “mole hypoxanthine, 0.050 
pmole methylene blue, 80 #mole potassium phosphate buffer (pH 7.4), 0.07 mg 
ash-free gelatin, and 1 ml of sample, in a total volume of 7 ml. The sample 
was diluted so that the rate of decrease in optical density did not exceed 0.02 
per second. Under these conditions, the rate of reduction was constant for 
at least 60 seconds. During calibration, appropriate corrections were made 
for the absorption of methylene blue on glass. 

Alkaline phosphatase activity was measured at 38° C by following the 
increase in optical density at 420 my resulting from the formation of p-nitro- 
phenol. The colorimeter tubes contained 10 zmole p-nitrophenyl phosphate, 
50 umole glycine, 0.5 zmole magnesium chloride, sufficient sodium hydroxide 
to give pH 10.3—10.4 (about 40 zmoles), and 1 ml of sample, in a total volume 
of 6ml. The sample was diluted so that the rate of increase in optical density 
did not exceed 0.01 per second. Under these conditions, the rate of reduction 
was constant for at least three minutes. 

The activities of both enzymes were calculated from the initial maximum 
velocities of methylene blue reduction or phosphate release, and are expressed 
as pzxmole/hr/30 ml of 10% cream. 

Specific activities are reported as pmole/hr/mg of nitrogen. 

Nitrogen was estimated by the micro-Kjeldahl method (5); fat content, by 
the Babcock method (6). 


Results 


Preliminary Investigations of Methods 

Washing of the cream was necessary to remove water-soluble components 
of milk. Twice- and thrice-washed creams did not differ qualitatively in 
their response to freezing treatments but pellets from thrice-washed cream 
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had lower activities and showed smaller treatment differences than twice- 
washed cream. More extensive washing caused further loss of pellet activity. 
It was calculated that water-soluble components of milk were reduced about 
500-fold by washing the cream twice under the above conditions. Removal 
of the skim-milk proteins lowered the stability of xanthine oxidase and two- 
thirds of the activity was lost during the over-all time required for an experi- 
ment. This loss was prevented when 0.01% gelatin was added to the water 
used for washing and diluting and to the test medium. 

The amount of enzyme released from cream by freezing increased with 
increasing fat concentration, but 40% fat was the highest convenient con- 
centration. Since 3 hours or more were required for maximum enzyme release 
by most treatments, and more reproducible values were obtained with longer 
storage, all samples were stored for 20 hours. The activity in the pellets was 
not significantly changed by storage of the frozen cream for 8 days. 

Dilution of cream after thawing increased the yield of pellet without 
significantly changing its specific activity. Dilution of the cream to a fat 
content of 5 to 10% gave maximum yields and 10% was selected for con- 
venience. The yield was highest at the maximum centrifuge speed tested 
(78,000 Xg) and at temperatures above 20° C. 

The activity in the aqueous layer of centrifuged frozen cream was invariably 
low, averaging 4.1 + 0.9 ymole/hr/30 ml of 10% cream for xanthine oxidase 
and 8.3 + 0.5 zmole/hr/30 ml of 10% cream for alkaline phosphatase. A very 
large increase [10- to 100-fold] in the activity of the aqueous layer was observed 
when either phosphates or chlorides were added before freezing. Potassium 
phosphate [pH 7.0] was more effective than potassium chloride when concen- 
trations of from 0.08 M to 1.0 M were tested. The addition of 25 mg of 
Tween 60/ml together with a salt approximately doubled the effect of the salt. 

When pellet material was resuspended in water and resedimented no detect- 
able activity was found in the supernatant. However, phosphate buffer 
extracted enzyme from resuspended pellets. 

The effect of substrate concentration, temperature, and acceptor on the 
estimation of xanthine oxidase activity was studied to permit comparison with 
published results. Independently of the acceptor used, increasing substrate 
concentrations from 310-5 M to 3X10-* M (as used by Morton (3)) 
caused a fivefold decrease in activity, although the rate of methylene blue 
reduction was constant for a longer period. Lowering the temperature from 
37° C to 18° C reduced the activity threefold. When 2,6-dichlorophenol 
indophenol was used as acceptor, the activity was not quite double that 
obtained with methylene blue. Thus the analytical procedure used in this 
study gave activity values approximately eight times greater than those 
obtained by Morton’s procedure (3). 


Activity Released by Freezing 

Table I shows the xanthine oxidase activity of pellets obtained from cream 
frozen and stored at various temperatures. When cream is frozen directly at 
the storage temperature, maximum amounts of enzyme are released between 
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TABLE I 


Effect of freezing and storage temperatures on the 
release of xanthine oxidase from cream 


Xanthine oxidase activity, * : 
umole methylene blue reduced/hr/30 ml of 10% cream 


Storage Frozen at Frozen at Frozen at Frozen at Frozen at 
temperature, storage —2°C for —10° C for —20° C for —79° C for 
~<; temperaturet 10 mint 1.5 mint 1 mint 0.5 minf 
—2 144+10 144417 164 158 65+11 
—10 191413 181+23 239 88 46+6 
—20 3445 148+18 118 19 22+2 
—40 +2 167+15 74 17+1 
-79 19+1 50+5 30 | 


* Samples at 20° C 4.1+0.9; cooled samples at 0° C 19+2. 
Average of single determinations on four or more samples, with standard error. 
Average of duplicate determination on one sample. 


—2° C and —10° C. The activity obtained is 50 times the amount from 
uncooled controls. At lower temperatures less enzyme is released, and at 
—79° C the activity of the pellet is similar to that for samples cooled to 0° C. 

To separate the effect of freezing temperature from that of storage tem- 
perature, cream was held at various temperatures for the time required to 
freeze the water. At —2° C the time was 10 minutes, at —10° C 1.5 minutes, 
at —20° C 1 minute, and at —79° C 30 seconds. The samples were then 
stored at various temperatures overnight. The samples frozen at —2° C 
(Table I) released essentially the same amount of xanthine oxidase at all 
storage temperatures between —2° C and —40° C, and about one-third of 
this amount at —79° C. However, cream initially frozen at —79° C released 
only small amounts of enzyme with storage temperatures up to —20° C and 
even with storage at —2° C much less enzyme was released than in samples 
frozen and stored at —2° C. Intermediate freezing temperatures (—10° C 
and —20° C) yielded intermediate amounts of enzyme at the various storage 
temperatures. The large standard errors indicate the great variability of 
response among cream samples; within one sample duplication was excellent. 

Determination of nitrogen content of various pellets indicated that pellets 
with lower total activity had lower specific activities, possibly because a con- 
stant small quantity of nitrogenous contaminant came down with the active 
constituent of the pellet. The average specific activity of pellets from frozen 
samples was 181 + 16 umole methylene blue reduced/hr/mg N. 

Alkaline phosphatase content of pellets was also determined in cream 
samples initially frozen at —2° C and —79° C (Table II). The release of this 
enzyme under different conditions of freezing and storing was comparable 
with that of xanthine oxidase. The specific activity for alkaline phosphatase 
was about 200 zmole P/hr/mg N. 


Appearance at Various Stages 
Sections of frozen cylinders of cream were observed under a polarizing 
microscope at —15° C. In cream frozen between —2° C and —10° C large 
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Fic. 1. Electron micrograph of a thin section of a partially purified pellet fixed in 
buffered osmic acid and embedded in methacrylate. 


Cole et al.—Can. J. Biochem. Physiol. 


fe 

hg 

| 


| 
g 


COLE ET AL,: FREEZING DAMAGE TO BOVINE CREAM 825 


TABLE II 


Effect of freezing and storage temperatures on the 
release of alkaline phosphatase from cream 


(Average of duplicate determinations on two samples, with standard error) 


Alkaline phosphatase activity, * 
umole phosphorus liberated/hr/30 ml of 10% cream 


Storage 
temperature, Frozen at —2°C Frozen at —79° C 
o°c for 10 min for 0.5 min 
—2 171+13 105+4 
—10 198+11 78+2 
—20 206 +16 41+2 
—40 214+20 
—79 68+4 22+1 


* Samples at 20° C 3.0+.5; cooled samples at 0° C 21.0+1. 


ice masses were formed from the edge of the tubes and the fat globules collected 
in the center of the sample. On the other hand, in cream frozen at —79° C 
the water froze in very small masses throughout the sample and no marked 
translocation of fat globules took place. However, when cream was frozen 
directly on a microscope slide by placing the slide on dry ice, larger fat 
globules were seen in a frozen and thawed cream than in an untreated sample. 

From the visible amount of butter oil in thawed cream samples it was 
possible to predict the amount of pellet that would be obtained. The pellets 
were composed of a reddish orange layer covered with a readily dispersible 
white material. A more uniform pellet (specific activity of xanthine oxidase 
ca. 350) which retained 90% of the activity but only 50% of the nitrogen of 
the original pellet was obtained from a suspension of pellet in water by centri- 
fugation for 1 hour at 9000Xg. Electron micrographs of thin sections of a 
pellet of this material (fixed in buffered osmic acid and embedded in methacry- 
late) showed it to be predominantly composed of a mixture of vesicular and 
membranous elements of various sizes (Fig. 1). The irregular nature of the 
material would suggest that it is derived through rupture of larger mem- 
branous structures. The composition of the pellet was similar throughout 
its thickness. 


Discussion 


The results obtained in this study are entirely consistent with the assump- 
tions that the release of enzyme by freezing is related to breaking of the emul- 
sion, and that the pellet is largely composed of fat globule membranes. The 
mechanism of de-emulsification is similar to that observed with artificial 
emulsions (1). Visual observation of the centrifuged frozen creams indicated 
a close relation between the volume of free oil and the activity of the pellet, 
and electron micrographs of the sedimented pellet strongly indicated that the 
material was derived from ruptured fat globule membranes. Examination of 
frozen sections, and the dependence of damage on fat concentration prior to 
freezing, indicated that inversion occurred when fat globules were held in 
contact by surrounding ice crystals. However, the inversion occurred re- 
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latively slowly (ca. 3 hours) even under conditions where large masses of fat 
globules were compacted together, and this is consistent with a need for 
redistribution of emulsifier (lipoprotein) and with slow changes in lipoproteins 
by freezing (7, 8). 

Rapid freezing of the cream reduced the size of ice crystals so that the fat 
globules were distributed throughout a multiplicity of small interstices rather 
than being compacted into large masses, and under these conditions little 
coalescence occurred on thawing. Nevertheless, examination of cream frozen 
on a microscope slide indicated that some coalescence had occurred following 
fast freezing. Storage of rapidly frozen cream at relatively high temperatures 
permitted redistribution of ice crystals, thus compacting the fat globules into 
larger interstices, and the extent of inversion thus increased with increasing 
storage temperature. 

Compaction, emulsifier redistribution, and coalescence on thawing must also 
cause the inversion of unwashed frozen cream but their effects will be modified 
by the influence of proteins, salts, and lactose (9, 10, 11). The extent of 
freezing inversion will also depend upon container size and conductivity, 
sample size, agitation during freezing, etc., as well as on storage conditions. 
However, the knowledge now obtained of the mechanism involved indicates 
that the best conditions for freezing and storage of cream will be those that 
establish and maintain an even distribution of fat globules throughout a 
microcrystalline ice mass. 

Calculation from the data of Morton (3), with correction for the eightfold 
greater activity obtained with our method for determining xanthine oxidase, 
indicates that freezing releases approximately the same amount of this enzyme 
as does churning. The average specific activities of xanthine oxidase and 
alkaline phosphatase in the pellets obtained from frozen cream exceed by 
factors of 1.8 and 9 respectively the values reported by Morton. 

The most active fraction sedimented at forces of 9000Xg or less had a 
specific activity similar to that reported for purified xanthine oxidase (12). 
A microsomal fraction purified by Morton (13) had less than one-fifth the 
xanthine oxidase activity of these larger membrane fragments. Further 
studies of this pellet material, which contains comparable amounts of xanthine 
oxidase and alkaline phosphatase and which differs from the ‘‘milk microsomes” 
of Morton, are required. 
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EFFECT OF MELANOPHORE-STIMULATING HORMONE 
ON HUMAN DARK ADAPTATION! 


H. Karant, J. C. Ocitvie, LorRAINE C. SMITH, 
N. B. G. TayLor, AND I. G. WALKER 


Abstract 


A preparation of melanophore-stimulating hormone (MSH) obtained from 
porcine anterior pituitary glands was found to produce no effect on the course of 
dark adaptation in normal human subjects, when injected subcutaneously in 
doses of 185 or 550 I.U. 

A partially purified MSH was prepared from bovine posterior pituitary glands 
by Hanaoka’s modification of Stehle’s method. It was assayed by a skin 
reflectance method in hypophysectomized frogs. When administered sub- 
cutaneously in a dose of 500 I.U., this material also failed to affect the course of 
dark adaptation in six normal subjects of Caucasian ancestry and six of Japanese 
ancestry. 

These results are compared with those of other investigators, and the disagree- 
ments are attributed to differences in apparatus and technique of measurement 
of dark adaptation. It is concluded that exogenous MSH does not affect dark 
adaptation in normal subjects. 


Introduction 


The melanophore-stimulating hormones are a group of moderately large 
polypeptides which appear to be present in the pituitary glands of all or most 
vertebrate species. Although there are at least three chemically distinct 
peptides involved, their actions on melanophores appear to be qualitatively 
similar (1), so that it is convenient to refer to them collectively as MSH. 
In amphibia, fishes, and reptiles, MSH is capable of producing rapid changes 
in cutaneous pigmentation by virtue of its effect upon the state of dispersion 
of melanin within the melanophores or melanin-containing cells in the deeper 
layers of the skin. By this means, the hormone probably plays an important 
role in the protective changes in coloring which such animals exhibit. In 
mammals, the effects of this material are much less obvious, and a physiological 
role of the hormone has not yet been established with certainty. 

Because of the intimate anatomical association between the neural and the 
pigmented layers of the retina, it has occurred to various workers that changes 
in-the melanin-containing cells under the influence of MSH could conceivably 
affect the visual functions of the retina. In 1933, Jores (2) reported that 
instillation of MSH into the conjunctival sac in human subjects resulted in a 
marked shortening of the time required for visual adaptation to darkness. 
In the following year, however, Buschke (3), using superior apparatus, re- 
peated these experiments and obtained entirely negative results. Since then, 
a number of investigators have attempted to repeat these experiments, the 
majority (4, 5, 6, 7) claiming to confirm the findings of Jores, others (8, 9) 
reporting opposite results. Unfortunately, however, most of the reports are 

1Manuscript received March 3, 1959. 
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poorly documented with respect to the type of MSH preparation used, and 
the details of experimental procedure for measurement of dark adaptation. 
The best description is that given by Hanaoka (6) in 1951, including complete 
details of the extraction and purification of MSH, the standardization of its 
potency, and the method of testing its effect on human dark vision. Since 
Hanaoka also claimed to demonstrate a striking improvement both in the 
absolute threshold, and in the time of attaining dark adaptation, following 
the administration of MSH subcutaneously, it appeared desirable to repeat 
his work employing as nearly as possible the same techniques. 

Our first experiments were carried out with a preparation of MSH obtained 
from porcine anterior pituitary glands as a by-product of the isolation of 
ACTH, and provided by the Armour Laboratories. This preparation, tested 
on a series of normal subjects of Caucasian ancestry, gave no demonstrable 
effect on dark vision. Because of this discrepancy with the published results 
of Hanaoka (6), the possibility was considered that important differences 
might exist either in the MSH preparations used or in the responses of Jap- 
anese and of Caucasian subjects. Therefore a new MSH preparation was 
made, following Hanaoka’s procedure as closely as possible, and the experi- 
ments were repeated on parallel groups of subjects of Japanese and of Cauca- 
sian ancestry. As in the first experiments, no effect whatever of MSH on 
dark adaptation could be detected. 


Experimental 

Preparation of MSH 

Fresh bovine pituitary glands were obtained at the abattoir as soon as 
possible after the killing of the animals, and placed immediately into a mixture 
of dry ice and acetone for transportation to the laboratory. In the laboratory, 
the posterior pituitary glands were dissected free and placed in acetone. The 
dehydrated glands were used for preparation of a standard posterior pituitary 
powder by the method of Smith and McClosky (10). The dried powder was 
used as starting material for preparation of the MSH by Hanaoka’s modifica- 
tion (6) of Stehle’s procedure (11). The procedure is presented in detail in 
the accompanying flow sheet (Fig. 1). Certain typographical errors in the 
flow sheet given by Hanaoka in his publication were kindly clarified by him in 
personal communication. The dried powder prepared from 500 glands, when 


subjected to this procedure, gave a final yield of 500 mg of a potent purified 
MSH. 


Assay and Standardization of MSH 

The potency of the MSH preparation was determined by bio-assay, using 
the standard posterior pituitary powder and Parke-Davis Pituitrin as the 
reference standards. North American leopard frogs (Rana pipiens) were 
employed as the test animals, following hypophysectomy by the technique 
of Hogben (12). Teague, Noojin, and Geiling (13) had shown that the hypo- 
physectomized frog is a much more specific test object for MSH activity than 
the intact frog. 
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STARTING MATERIAL: 
Fresh frozen bovine pituitaries 
approx. 2.5 kg 
| smith-MeCtosky method 


Desiccated posterior pituitary powder 
Add 1000 ml of 0.5% acetic 
acid + 3 g potassium acetate 
Heat to 90° C with constant stirring 
Centrifuge 


| 
Residue 1 (brown sludge) Supernatant 1 (clear, yellow) 
Add 500 ml 0.5% acetic Combine 
acid + 2 g potassium acetate | 


90° C with stirrin Add caprylic alcohol 
Centrifuge , Concentrate im vacuo at 50° C 


50 ml of turbid concentrate 
Add 500 ml absolute 


Supernatant 1a 


Residue 1a—yellow powder ethanol. Stand overnight 
(Discard) 
| centrifuge 
| 
Residue 2—yellow powder Supernatant 2 
(Discard) Reduce to dregs in vacuo 


Add 105 ml methanol 
Stand overnight 


| centrifuge 


Supernatant 3 


Residue 3—cream-colored powder 


Take up in 400 ml 


| centritug 


(Discard) ethyl acetate 
Residue 4 Supernatant 4 
Air-dried Discard 
(fan) 


Yellow powder 
Add 105 ml methanol 


| centri uge 


| 
Residue 5—yellow needles 
Discard 


Supernatant 5 
Add 400 ml ethyl acetate 


| centritug 


| 
Residue 6—shiny yellow crystals 
Dried (fan) 


Desiccated powder—final product 
Approx. 500 mg 


Fic. 1. Flow sheet for production of bovine MSH used in these experiments. See 
text for references. 


Supernatant 6 
(Discard) 


| 
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The response to MSH was measured by the technique of Deutsch, Angelakos, 
and Loew (14). This is a reflectance photometric procedure, carried out on 
the living animal, as illustrated in Fig. 2. With the apparatus shown, it was 


TO GALVANOMETER 


6 VOLT 
BATTERY 


Fic. 2. Reflectance measurement for assay of MSH. Upper: apparatus, approximately 
one-third size. Lower: area of frog used for measurements. 


possible to make reflectance measurements of the skin of the dorsal surface 
of the frog, with no appreciable leakage of light. The same area of skin, as 
nearly as possible, was used for the repeated readings on each animal. Only 
frogs showing a reflectance of 50% or greater, under the conditions of illumina- 
tion and measurement used, were employed for the assay. 

Two initial reflectance readings were made on each animal, separated by 
an interval of 15 minutes. The standard or unknown solutions were then 
injected through the thigh muscle into the right lateral lymph sac. Following 
the injection seven further readings were taken at 15-minute intervals, and 
then three readings at intervals of 1 hour. The various hormone preparations 
were prepared in suitable dilutions, such that each dose administered was 
contained in a total volume of 0.1 ml. The solvent used for preparing and 
diluting the hormones was frog Ringer’s solution (15). 

For each animal separately, the reflectance values obtained at the various 
times indicated above were expressed as percentages of the initial pre-injection 
value. This was found to give much less individual variation between animals 
with any given hormone preparation than the use of absolute reflectance 
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figures. Control frogs which received Ringer’s solution alone showed no 
change in the reflectance reading with time, repeated readings on an individual 
animal agreeing to within + 5% of the initial value. Test frogs injected with 
various dilutions of hormone preparations showed time response curves of 
the type illustrated in Fig. 3. At least six animals were used for assaying 


PRE-INJECTION REFLECTANCE 


OF 


PERCENT 


4 4 


30 60 90 120 150 180 210 240 270 #8 300 
TIME — MINUTES AFTER INJECTION 


Fic. 3. Typical response curves for assay of MSH. Standard curves obtained with 
Parke-Davis Pituitrin “/—solid circles. DRML purified MSH—open circles. 


@ Pituitrin, 1 mU. Pituitrin, 10 mU. 
@----@ Pituitrin, 100 mU. @—--—@  Pituitrin, 1000 mU. 
O——oO MSH, 1 ug O——O MSH, 5 ug 


each dilution of each of the hormone preparations tested. The lowest per- 
centage reflectance values reached by the six or more frogs in each group were 
averaged, and the mean result was plotted against the logarithm of the dose. 
The dose response graphs obtained by this means were identical, with Pituitrin 
and with the standard posterior pituitary powder. The dose response line 
for the purified MSH showed the same slope as the standards. This is in 
agreement with the findings of Angelakos ef al. (1). 

Following the procedure of Hanaoka, the unit chosen for MSH potency of 
the purified preparation was the International Unit proposed by Landgrebe 
and Waring (16). One International Unit (I.U.), as proposed by the latter 
authors, is the melanophore activity shown by 0.5 mg of the standard beef 
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posterior pituitary powder, or the equivalent amount of Pituitrin. Various 
preparations of pure MSH, made as described above, assayed between 100 
and 200 I.U./mg. 


Sterilization of MSH for Human Use 

After the purified MSH had been bio-assayed, it was dissolved in sterile 
physiological saline solution in a concentration calculated to give 500 I.U. 
per ml. The powder dissolved readily to give a clear, slightly yellowish 
solution. This was passed through a sterile Seitz filter, and dispensed into 
ampoules for individual dosage. The ampoules were sealed and autoclaved 
at 115° C for 30 minutes. Repetition of the bio-assay following the steriliza- 
tion procedure revealed no loss of potency. 

Before use in human subjects, the sterile preparation was tested for possible 
toxic effects by injection into male white mice, at a dose level of approximately 
1800 I.U. per kg of body weight. Thisis approximately 250 times as great as 
the largest dose given to human subjects. No ill effects could be seen in the 
mice following the injections. 


Stability of MSH 

The ampoules of sterilized MSH solution were stored in the dark at 2-4° C. 
Under these conditions, the hormone showed no significant loss of potency 
during the subsequent 10 months, during which these experiments were 
carried out. 


Measurement of Dark Adaptation in Human Subjects 

Dark adaptation was measured by the use of a Hecht-Shlaer adaptometer 
(17). A preliminary determination of minimum light threshold was carried 
out on each subject for the purpose of acquainting him with the apparatus and 
procedure. The subject was first pre-adapted to white light for a period of 
exactly 3 minutes. The circular pre-adapting field subtended an angle of 
40° at the eye, and had a luminance of 850 mL.* Immediately on completion 
of the pre-adaptation period, the threshold of light sensation was determined, 
and the threshold was then measured repeatedly every 2—3 minutes until dark 
adaptation was complete. During measurement of the thresholds, the subject 
was provided with a faint red fixation point so placed that the light patch 
used for measurement of threshold would fall on the retina 10° temporal to 
the fovea. The circular patch of white light used for measuring the threshold 
subtended an angle of 5° at the eye and was flashed for 0.2 seconds at a time. 
The threshold value in each series of flashes was taken as that value midway 
between those eliciting clearly positive and clearly negative responses. The 
light intensity of the patch was not varied in a regular stepwise fashion, but 
rather, in an irregular manner so that the subject could not anticipate the 
brightness of each succeeding flash, thus assuring that valid and consistent 
responses were obtained. 

Following the measurement of minimum threshold and dark adaptation, 
the subject was given a subcutaneous injection of either an MSH solution or a 

*Definitions: mL =milli-Lambert; ~uL = micro-Lambert. 
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control solution of plain saline. Dark adaptation was again determined at 1 
and 3 hours after the injection, and in some cases also at 5 hours. The pos- 
sibility of delayed effects, e.g. at 12 or 24 hours after injection, was not in- 
vestigated because all reports claiming to show an effect of MSH on dark 
vision stated that the effect was prompt and of only a few hours’ duration. 


Results 


Experiments with Armour MSH 

The purified MSH of porcine origin, provided by Armour Laboratories 
(AL-1037, Lot No. P6008), was stated to contain 6.75 10° Lerner units per 
vial. The International Unit may be taken as roughly equivalent to 1.25 10* 
Lerner units (18). On this basis, each vial of the Armour powder contained 
approximately 550 1.U. In the first set of experiments, four subjects were 
used, all members of the laboratory staff and all of Caucasian ancestry. Each 
subject was injected subcutaneously with one-third of the content of a vial 
of Armour MSH powder, dissolved in 0.5 ml of physiological saline. On the 
basis of the stated potency, this would contain approximately 185 I.U., as 
compared to 200 I.U. used by Hanaoka (6). As shown in Fig. 4, the injec- 
tion appeared to make no difference whatever to the course of dark adaptation, 
as compared with the pre-injection control examination. 
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Fic. 4. Dark adaptation curves showing lack of effect of porcine MSH. Mean values 
for four subjects, following injection of 185 I.U. of MSH. 
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Fic. 5. Dark adaptation curves showing lack of effect of porcine MSH. A: Subject I, 
1 ml saline injection. B: Subject I, 550 1.U. of MSH. C: Subject II, 550 I.U. of MSH. 
D: Subject II, 1 ml saline. 


Two of the subjects were subsequently examined again, each on two separate 
occasions. On one occasion the subject received an injection of 1 ml of 
physiological saline, and on the other occasion the contents of an entire vial 
of Armour MSH powder dissolved in 1 ml of saline. Neither the subject nor 
the operator knew at the time which material had been injected. Again, as 
shown in Fig. 5, the injection of MSH produced no detectable change in the 
course of dark adaptation as compared with both pre-injection control exam- 
inations and control examinations following the injection of saline alone. 


Experiments with DRML Preparation of MSH 
For reasons outlined in the introduction, following the obtention of negative 
results in the preceding set of experiments the investigation was repeated, 
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using the bovine MSH preparation made in this laboratory. In this second 
series of experiments, 12 normal subjects were employed, six of Caucasian 
ancestry and six of Japanese ancestry. The technique of examination of dark 
adaptation was the same as in the previous set of experiments, except that the 
pre-adapting luminance was 450 mL instead of 850 mL, and the 5-hour post- 
injection examination was not performed. The test injection consisted of the 
whole content of one ampoule of sterilized MSH, i.e. approximately 500 I.U., 
administered subcutaneously in the upper arm. 

As in the preceding experiments, absolutely no effect of the MSH injection 
upon the course of dark adaptation was discernible in either group of subjects. 
The average values for these groups are plotted in Fig. 6. An analysis of 
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Fic. 6. Dark adaptation curves showing lack of effect of bovine MSH. Each curve 
represents the mean values for six subjects. Injection: 500 I.U. of MSH. A: Subjects 
of European ancestry. B: Subjects of Japanese ancestry. 


variance was performed in order to obtain an estimate of experimental pre- 
cision. A mean change of 0.2 log wuL in the final threshold values after 
treatment would have been highly significant. 


Discussion 


Published studies on the effect of MSH on human vision may be divided 
roughly into two groups, a smaller group concerned with the effects on normal 
human dark adaptation, and a larger group concerned with the effects of 
MSH upon various aspects of visual function in patients with retinitis pig- 
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mentosa and other retinal degenerations. The latter subject is beyond the 
scope of this presentation, and will not be dealt with further here, except to 
point out that although the majority of published studies report some im- 
provement, there is no agreement concerning the nature or extent of this 
improvement. For example, some report a striking improvement in both 
visual acuity and light threshold (19, 20), others report an improvement in 
threshold with no change in visual acuity (5); some report a unilateral im- 
provement only in the eye treated locally with MSH instillations (2, 4, 5), and 
others report bilateral effects from unilateral instillations (20). Moreover, 
some authors have been unable to confirm any significant improvement except 
in a very small proportion of cases (21, 22), while others report that MSH- 
containing preparations actually decreased retinal sensitivity (8, 9). This 
wide discrepancy of findings is in accord with the statement of Duke-Elder 
(23) that the disease often undergoes spontaneous and extensive remissions 
which may be mistakenly attributed to one or other form of treatment. Most 
of these clinical studies do not give adequate information concerning the type 
and standardization of the pituitary extract, so that direct comparison with 
our findings is impossible. 

Among the relatively few studies available to us, dealing with the effects 
of MSH on normal vision, there is a similar lack of agreement concerning the 
effects. Thus, Jores (2) reported that his extract was effective essentially in 
shortening the time of adaptation to dark. Voccia (7) similarly reported a 
striking decrease in the time required for dark adaptation in three out of five 
subjects, with only a slight or negligible change in the actual level of accom- 
modation reached. Hanaoka (6), on the other hand, claimed to observe not 
only a shortening in the time required for dark adaptation, but a striking 
improvement in minimum light threshold. Buschke (3), Jeandelize and 
Thomas (8), and Dubois-Poulsen (9) found no effects whatever in normal 
subjects. Detailed comparison of these various studies is difficult for the 
same reasons that apply to those in the pathological group. Voccia (7) gives 
no details of the nature or potency of the extract which he used. Scardac- 
cione (4) describes the extract which he employed, but expresses its concen- 
tration in terms of fresh weight of gland rather than of the standard dry 
posterior pituitary powder, and he gives no assay figures which permit an 
estimate of its potency. Hanaoka (6) does give complete details concerning 
the preparation and standardization of his extract, and a comparison of his 
results and ours suggests that the extract used in the present study was very 
closely comparable to Hanaoka’s. 

It seems probable therefore that the reason for the difference between 
Hanaoka’s findings (6) and those presented here is to be sought not in the 
nature or potency of the MSH preparation, nor in the experimental subjects 
employed, but in the technique used for measuring dark adaptation. Mea- 
surement of light threshold by means of either the Nagel or the Hecht-Shlaer 
adaptometers is in itself a fairly simple procedure. However, the course of 
dark adaptation, as determined by successive threshold measurements, does 
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not give accurate reproducible results unless the experimental conditions are 
rigidly controlled (24, 25, 26). The size and intensity of the light field used 
for pre-adaptation to light, as well as the duration of the pre-adaptation 
period, are of critical importance in the time course of subsequent dark adapta- 
tion. None of the studies on MSH effects quoted above, except those by 
Jeandelize and Thomas (8) and by Basile (5), give any information concerning 
this feature of the experimental procedure, and it is possible that its importance 
has not been appreciated by many investigators who have used this technique 
only occasionally. 

In addition it is essential that the subject be provided with a point of 
fixation during the determination of dark adaptation, in order to ensure that 
the same area of the retina is tested throughout. Such a fixation point is 
incorporated in the Hecht-Shlaer instrument, but is not included in the Nagel 
adaptometer unless the operator adds one. Hanaoka (6) used an external 
fixation point in his experiment (personal communication), but there is nothing 
in the other studies cited above to indicate whether or not the investigators 
did use fixation points. This is particularly disturbing in the studies by 
Scardaccione (4) and Basile (5), in which the two eyes of each subject were 
examined separately in some experiments, while in others the subjects kept 
both eyes open simultaneously. 

In addition to the physical variables mentioned above, the procedure used 
for determining absolute threshold must be carefully controlled in order to 
avoid misleading results. It is particularly important to ensure that the sub- 
ject’s responses should not be influenced by previous bias or suggestion, a 
situation all too frequently encountered even with co-operative subjects. The 
bracketing method of determining the threshold, as explained under 
“Methods”, offers the experimenter considerable protection against this risk. 
None of the earlier studies cited presents any statistical evaluation of the 
reproducibility of threshold measurements. In view of the critical importance 
of the aspects of technique mentioned above, the possibility must be con- 
sidered that the threshold changes attributed by some workers to treatment 
with MSH may in fact be due to unrecognized variations of measurement 
technique resulting from the experimental setup employed. In this connec- 
tion, it should be recalled that the technique used in the present study was 
sufficiently precise that a change of 0.2 log wyL in mean threshold value 
would have been highly significant. On the same scale, the change of 3.0 log 
units reported by Hanaoka (6) would be enormous, and it is difficult to believe 
that such a change is physiologically possible (27). 

It is, indeed, difficult to visualize a mechanism of action for MSH capable 
of explaining such protean effects upon vision as those claimed by the numerous 
workers cited: improvement of visual acuity (cone vision), improvement in 
dark adaptation (rod vision), increase in regeneration of visual purple (28), 
increase in retinal neuronal synaptic transmission (29), and decrease in patho- 
logical photophobia without objective change in the pigment distribution of 
the retina. It should be added that Mussio-Fournier and his collaborators, 
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who at first (19) reported strikingly good effects of MSH in the therapy of 
retinitis pigmentosa, subsequently (30) suggested that these results were non- 
specific, being obtained also with an extract of muscular tissue. Finally, it 
must be pointed out that it is not even certain that MSH has any effect at all 
on the pigment of the human retina. McDonald and Adler (31), in carefully 
controlled experiments, were unable to show any effect of MSH on the light- 
dependent position of pigment in the frog retina. 

The findings of the present study do not preclude the possibility that en- 
dogenous MSH plays a role in normal dark vision. However, they do suggest 
that, whatever may be the effects of exogenous MSH-containing extracts on 
retinitis pigmentosa and other pathological conditions, such extracts have no 
demonstrable effect upon normal human dark adaptation. It is conceivable 
that much higher doses or more potent preparations, or possibly highly 
purified a- or 8-MSH, will have a demonstrable effect, but there is nothing in 
the present work to suggest this. 
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THE FRACTIONATION OF THE HISTONES OF CALF THYMUS 
AND CHICKEN ERYTHROCYTES BY CATION-EXCHANGE 
CHROMATOGRAPHY WITH SODIUM SALTS! 


J. M. NEELIN? anp G. C. BuTLER® 


Abstract 


The histone extracted from the nucleoprotein of calf thymus and chicken 
erythrocyte nuclei at pH 1.8 was more stable than that extracted at less than 
pH 1.5. Extraction directly from isolated nuclei avoided the deleterious effects 
of dialysis and of neutral pH. Fractionation by cation-exchange chromatography 
on the sodium form of Amberlite IRC-50, with ‘‘stepwise elution’’ by various 
sodium salts, recovered more than 90% of ‘the chicken erythrocyte histone in at 
least seven components. About 75% of the calf thymus histone was eluted in 
four peaks; one of these was shown to be identical with the lysine-rich component, 
while the other three coincided with the arginine-rich peak eluted by barium 
acetate from barium IRC-50. These preparations of histone chloride were not 
degraded in sodium salt solutions, but tended to aggregate, especially in the 
presence of barium ion. 


Introduction 


Previous studies of the chemistry and metabolism of histones have brought 
recognition of the heterogeneity of histone from any nuclear source, and have 
indicated the necessity of preparing homogeneous fractions for more detailed 
study (1, 2, 3). The most promising fractionations have been obtained by 
cation-exchange chromatography by Crampton et al. (4), using gradient elution 
with barium acetate from Ba IRC-50,* by Luck ef al. (5), using elution with 
guanidinium chloride from IRC-50, and by Davison (6), using gradient elution 
with sodium chloride from carboxymethylcellulose; however, in all cases the 
production of artifacts (by both degradation and aggregation) has interfered 
with consistent results. 

Crampton ef al. (4) found that only a small proportion of calf thymus 
histone could be eluted with sodium acetate buffer from the sodium salt of 
the carboxylic acid resin, Amberlite IRC-50 (Na IRC-50). That portion 
elutable with sodium salts had apparently been degraded (7). Butler and 
Davison (3) have alluded to a similar observation, and thus elutability from 
this resin with sodium salts is apparently accepted as an index of degradation, 
or at least, reversal of complex formation (3). 

By contrast, we have been able to elute most of chicken erythrocyte histone 
as seven fractions, and calf thymus histone as three fractions, from Na 
IRC-50 with sodium salts. Extensive control experiments have not revealed 
any degradation, although the tendency of histones to form soluble aggregates 
was confirmed (3, 8, 9, 10). 

1Manuscript received in original form September 19, 1958, and, as revised, March 20, 1959. 


Contribution from the Department of Biochemistry, University of Toronto, Toronto, 
Ontario. 


*Holder of a studentship from the Fisheries Research Board of Canada. Present address, 
National Research Council of Canada, Ottawa, Ontario. 

3Present address, Atomic Energy of Canada Limited, Chalk River, Ontario. 

*Abbreviations: DNA, deoxyribonucleic acid; DNP, deoxyribonucleoprotein; Ba IRC-50, 
barium salt of Amberlite IRC-50; Na IRC-50, sodium salt of Amberlite IRC-50. 
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Cation-exchange chromatography of histone and other proteins has usually 
been based on displacement of the histone fractions by the competitive affinity 
of small cations for the resin. In the experiments to be described the changing 
of the anion of the sodium salt has provided a broader range of eluent strengths 
while keeping the resin equilibrated with sodium ions. The use of sodium salts 
as eluents was preferred for several reasons. In the first place, a wider selec- 
tion of soluble sodium salts is available for eluting agents with differing ion- 
exchange strengths. Secondly, the most commonly used eluent, barium 
acetate, may enhance aggregation. Thirdly, barium acetate suppressed the 
Sakaguchi reaction, and increased the ninhydrin color, with a non-linear 
dependence on barium concentration, while the sodium salts did not. 


Methods 


Preparation of Nuclei 

Chicken erythrocyte nuclei were prepared by the technique described by 
Dounce and Lan (11) from freshly drawn chicken blood. 

Calf thymus nuclei were prepared by the method of Dounce ef al. (12). 
The glands were refrigerated immediately upon removal and the preparation 
of nuclei was begun within two hours of the slaughter of the animal. Ina 
typical preparation, 100 g of calf thymus was chopped and homogenized in a 
model PB-5 Waring Blendor with 400 ml of 0.01 M citric acid and a few drops 
of octanol, at high speed for 30 seconds and at low speed for 3 minutes. The 
residue was collected by centrifugation for 10 minutes at 1050 Xg, and dispersed 
by blending for 3 minutes at slow speed in 400 ml of 0.01 M citric acid. The 
homogenate was passed through eight layers of fine cheesecloth to remove 
fibrous material, and the suspension centrifuged as before. Resuspension 
of the residue and centrifugation were repeated at least seven times. After 
each of the last three dispersals, the suspension was passed through a 200-mesh 
bronze screen held in a Seitz filter, to remove nuclei clumped with lipoid 
material (13). 

Examination with the phase microscope of preparations from both sources 
of nuclei revealed cytoplasmic contamination of the nuclei after the first and 
fifth dispersals, but after the eighth the nuclei were apparently clean. Even 
five washings were insufficient to remove all mitochondria, although nuclei 
with fewer washings have been reported in many studies. Staining of erythro- 
cyte nuclear preparations with May-Grunwald and Giemsa blood stain showed 
the presence of no whole erythrocytes and only the occasional leukocyte. 

The washed nuclear material formed a strong gel in 1 M sodium chloride 
unless blended vigorously. 


Extraction of Histone 

DNP was extracted from washed nuclei with 3 M sodium chloride overnight 
at 3°, and the insoluble residue removed by centrifugation at 40,000Xg for 
2 hours to give “purified DNP”’. Histone was extracted from DNP or from 
nuclei by precipitation of the DNA by ethanol or hydrochloric acid. 
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The ‘‘ethanol-extracted”’ histone, analyzed chromatographically, was ex- 
tracted from calf thymus DNP by Dr. L. B. Smillie, according to a method 
described previously (14). DNP was dissolved in 3 M sodium chloride to a 
concentration of 1 mg of nitrogen per ml, and DNA precipitated by 50% 
ethanol at 8°. The ethanol was removed from the histone solution by dialysis 
and the water by freeze-drying. 

If the histone was extracted with hydrochloric acid of fixed concentration 
(for example, 0.3 M hydrochloric acid), a low concentration of nucleoprotein 
was accompanied by an excessively low pH, and led to degradation of the 
histone (see Results). This was avoided in the mild acid extraction, in which 
the DNP solution in 3 M sodium chloride or the washed nuclear suspension in 
water, was adjusted to pH 1.8 by careful addition of a few milliliters of 1M 
hydrochloric acid. The resulting precipitate was removed by centrifugation 
for 30 minutes at 2800Xg, and the histone supernatant adjusted to pH 6.6 
with a few milliliters of 1 M sodium hydroxide. The total time at the low 
pH was no more than 45 minutes. The temperature was maintained below 
5° during all operations. 

The histone for the chromatograms represented in Figs. 2a and 26 was 
obtained by two successive extractions of nuclei, one without blending, 
followed by one with blending for 30 seconds at pH 1.8, and the two extracts 
were combined. These extracts were chromatographed on Ba IRC-50 (Fig. 
2a), and on Na IRC-50 (Fig. 26). All other preparations were made by one 
extraction with blending and yielded chromatograms closely comparable with 
that shown in Fig. 20. 


Chromatographic Methods 

The ion-exchanger employed in the following chromatograms was the 
carboxylic acid resin, Amberlite IRC-50, grade XE-64, obtained from Rohm 
and Haas Co. Equilibration of the resin follows that described by Moore 
and Stein (15) with possibly more extensive cycling. Two different lots of 
resin were used with the same results. Approximately one pound of the 
powder was washed four times with acetone by repeated suspension and 
decantation. After it was collected and air-dried on a Buchner funnel, 
the resin was similarly washed four times with 1 M hydrochloric acid, the fines 
in suspension being discarded. The washed resin was then activated in a 
column, 6.515 cm, by passing through it successively 3 1. of 1 M hydrochloric 
acid, 1 1. of water, 2 1. of 1 M sodium hydroxide, and 11. of water. This cycle 
was repeated four times. After the last passage of sodium hydroxide, if the 
resin was to be used in the barium form, the following eluents (all in glass- 
distilled water) were passed through in sequence: 1 |. of water, 3 |. of 1M 
hydrochloric acid, 1 1. of water, 2 1. of unbuffered 1 M barium acetate, and 
finally 0.10 M barium acetate, pH 6.6, until the pH of the effluent had reached 
6.6. If the resin was to be used in the sodium form, the procedure was the 
same except that 2 M sodium acetate, and 1.0 M sodium acetate, pH 6.6, were 
substituted for 1 M barium acetate and 0.10 M barium acetate, respectively. 
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For chromatographic analysis, columns of resin 1.0 or 2.2 cm in diameter by 
approximately 20 cm tall were prepared in a chromatographic tube fitted with 
a sintered glass disk. Samples of histone solution were prepared by dialysis 
to equilibrium against the initial eluent to be used, with the pH of samples and 
eluents always adjusted to 6.6. A portion of each sample was saved for control 
analyses. After the protein solution (containing 10 to 20 mg of nitrogen in 
25 to 50 ml) had passed into the resin, a 2-cm layer of suitably equilibrated resin 
was added to the top of the column as a protection against disturbance of 
adsorbed protein by additions of eluents. Fractions of effluent were collected 
automatically in 30-ml beakers on a turntable equipped with an interval timer. 
The flow rate was maintained at about 10 ml per hour at room temperature. 

One group of chromatograms of calf thymus histone was run at 3°, all others 
at room temperature. When the original material was DNP or nuclei in 
3 M sodium chloride, the histone extract was prepared for chromatography 
by dialysis against three changes of the initial eluting buffer. Where the source 
material was a nuclear suspension in 0.01 M citric acid, dialysis was avoided 
by dissolving the buffer salt in the neutralized histone extract, and adjustment 
of pH by the addition of glacial acetic acid. 


Colorimetric Analyses 

The protein fractions in early chromatograms were analyzed with the modi- 
fied ninhydrin reagent of Moore and Stein (16); later the reagent of Matheson, 
Hanes, and Tigane (17) was adopted, with slight modifications in method. 
With the version of the reagent used, 1-ml samples of protein solution were 
analyzed with 2 ml of reagent, a procedure which gave about 90% of the theo- 
retical color yield, but had the advantages of greater stability and more 
reproducible blank values. The color was read in a Klett colorimeter, model 
800-3, with a No. 54 (green) filter, and obeyed the Beer-Lambert law well. 

The ninhydrin color yields of chromatographic fractions were always referred 
to a sample of the original histone in a solution of the same salt and concentra- 
tion as that of the fractions. Blank analyses were also performed on the 
appropriate salt solutions. Besides the increase in ninhydrin color of the 
blank barium acetate eluent, described by Crampton et al. (4), the net color 
yield of protein increased with barium acetate concentration. It did so with 
marked discontinuities at concentrations of barium acetate which appeared to 
be characteristic of any one protein sample. Crampton (18) did not observe 
this property with ethanol-extracted calf thymus histone, analyzed with the 
reagent of Moore and Stein (16). It was observed with our preparations of 
chicken erythrocyte histone, calf thymus histone, and free phenylalanine, with 
both modifications of the ninhydrin reagent. It was therefore necessary to 
control the barium acetate concentrations of all samples accurately, but this 
was not possible in gradient elution because the precise concentration of barium 
acetate was not known. Sodium acetate increased slightly the ninhydrin 
color of the blank only; up to 3 M sodium chloride had no effect. 

It was found useful to have an approximate estimate of the amount of 
arginine in histone fractions. This was obtained by a modification of the 
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Sakaguchi procedure (19) on the whole protein, rather than on a hydrolyzate; 
fewer operations facilitated analysis of the many chromatographic fractions. 
All reagents and samples were kept at 3°, the color development was carried 
out at the same temperature, and the color intensity measured at room temper- 
ature. To 5 ml of protein solution in a 10-ml graduated colorimeter tube 
2 ml of a-naphthol reagent was added (a stock of 0.25% a-naphthol in 95% 
ethanol, freshly diluted 1:8 with 5% sodium hydroxide). After mixing and 
standing for 10 minutes, 0.10 ml of hypobromite (2.5% bromine in 5% sodium 
hydroxide) was added and mixed. Exactly 30 seconds later, 40% urea solution 
was added up to the 10-ml graduation (2.9 ml), the contents of the tube were 
mixed, and the color was measured after exactly 10 minutes in a Klett colori- 
meter with the green (No. 54) filter. As in the case of protein hydrolyzates, 
other amino acids interfere with the arginine reaction, especially at higher 
concentrations of protein; therefore analyses were referred to a standard curve 
prepared with each whole histone solution. Although the experimental error 
of this modification of the Sakaguchi procedure may be as much as 20%, useful 
comparisons were made of the approximate proportions of Sakaguchi-positive 
(guanidyl) groups to ninhydrin-positive (free amino) groups. The ratios, 
‘‘s/n’’, were obtained by expressing the Sakaguchi color of a histone fraction in 
units of 0.1 mg of histone nitrogen (interpolated from the standard curve of 
the whole histone sample), and dividing this by the optical density of ninhydrin 
color of that histone fraction. Characteristic ratios were 1.0+0.2 for whole 
histone, 0.30+0.05 for lysine-rich histone, and 1.7+0.4 for arginine-rich 
histone. These ratios have been useful in identifying chromatographic 
components, and in assessing the heterogeneity of peaks. 


Results 


Acid Extraction of Histone 

The extraction of histone from DNP has been frequently based on the solu- 
bility of histone in dilute acid. These extractions were usually made at a 
fixed concentration of acid, but we found that a more careful control of pH was 
necessary. It has been reported that 85% of the protein nitrogen was extracted 
from chicken erythrocyte DNP in 0.3 M hydrochloric acid, and about 8% was 
lost upon subsequent dialysis (14). However, if the pH of extraction was less 
than 1.0, as little as one-third of the extracted histone remained in the sac 
after dialysis. 

The stability of histone at various pH’s was examined with the purpose of 
selecting the mildest conditions of extraction. Table I summarizes some of 
these control experiments, including the storage of crude DNP at 3° and 20°, 
at several pH’s, and the dialysis of these samples at 3°. The “‘crude DNP”’ 
was a suspension of chicken erythrocyte nuclei in 3 M sodium chloride. 
Increase in the ninhydrin color was adopted as a measure of increase in free 
amino groups. All samples had the same initial histone concentration. The 
effects of storage may be considered as falling into four groups according to 
the pH of the solution: 
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1. At pH 3.0 to 7.0, the crude DNP was stable for 48 hours at 3°, but 
ninhydrin color increased at 20°. 

2. At pH 1.8 to 2.4, the DNP was stable for at least 48 hours at both 3° and 
20°. 

3. At pH 1.1 and 1.5, the ninhydrin color was unchanged during 48 hours at 
3°, but increased in optical density at 570 my from 0.40 to 0.50 after 48 hours 
at 20°. 

4. At pH 1.0 or less, even in the cold, the ninhydrin color increased to 0.50, 
and remained stable there. 

Dialysis of the crude extract led to an increase in total ninhydrin color at 
all pH’s, but especially at the pH extremes tested. If the ninhydrin color 
within the sac was corrected by subtraction of the color in the dialyzate 
(that is, the concentration of the dialyzable material), it became apparent that 
there was a slight decrease in the non-dialyzable ninhydrin-positive material. 
In similar studies of purified DNP in 0.3 M hydrochloric acid, ninhydrin color 
also increased upon dialysis at 5° (55% increase on dialysis against either 3 M 
sodium chloride, or water) with a loss from within the sac of 50 to 70% of 
histone nitrogen during exhaustive dialysis. Dialysis of purified DNP against 
neutral 3 M sodium chloride at 5° produced no degradation by these criteria. 
This differed from the apparent degradation by the similar treatment of crude 
DNP at neutrality (Table I). 


TABLE I 
The effect of pH of HCI extraction of histone upon stability to storage and dialysis 


Optical density of ninhydrin color 


After storage After dialysis at 3° 

HCl At 3° At 20° 

added Total Non-dialyzable 
pH (moles/I.) 0 hr 48hr 48hr* 72 hr* colort colort 
7.0 0.0 0.69 0.64 0.79 0.76 1.29 0.33 
4.5 0.61073 0.56 0.57 — Precipitated 
3.0 1.6X107* 0.60 0.61 0.67 0.63 Precipitated — 
2.4 3.81073 0.40 0.40 0.42 0.40 0.68 0.33 
2.0 8.41073 0.40 0.40 0.44 0.42 0.73 0.30 
1.8 3.0X10-? 0.38 0.40 0.42 0.40 0.67 0.27 
Ls 6.01072 0.40 0.41 0.50 0.50 0.83 0.35 
i 1.2xXi9™ 0.40 0.42 0.49 0.50 0.88 0.35 
1.0 1.8107 0.47 0.49 0.94 0.39 
0.9 2.4107! 0.50 0.50 0.91 0.41 
0.8 3.0107 0.51 0.51 0.92 0.38 


*Storage at 20° was subsequent to the storage at 3°. 
_ tAfter dialysis at 3°, “total color’ is corrected for dilution by the dialyzing solution. The “‘non-dialyzable color’ 
is that within the sac, corrected for the concentration which is freely diffusible (see text). 


Because of these observations all extractions of histone for chromatographic 
analysis were made at pH 1.8 on purified DNP in 3 M sodium chloride or on 
nuclei suspended in water. This did not always lead to quantitative precipita- 
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tion of the DNA, but the residual DNA could be separated from the histone by 
its passage unretarded through the chromatography column. If the concen- 
tration of DNA was such that the optical density (at 260 my) of the histone 
extract did not exceed 1.0, the elution of histone was not affected. 


Chromatography 
The resin Amberlite IRC-50 was prepared in the form of the suitable salt as 
described under Methods. 


Calf Thymus Histone, Elution with Barium Acetate 

By gradient elution from Ba IRC-50 with barium acetate buffer, Crampton, 
Moore, and Stein (4) fractionated calf thymus histone into peak A, lysine-rich 
histone, and peak B, arginine-rich histone. We obtained a similar chromato- 
gram of calf thymus histone with a concentration gradient of barium acetate. 
The total yield of ‘“‘ethanol-extracted” histone was 41%, compared with 68% of 
the histone extracted with 0.3 M hydrochloric acid. 

Our chromatograms differed from those of Crampton ef al. (4), in that it 
was not necessary to change the top buffer of the gradient from 0.50 M to 
1.00 M barium acetate. Both peaks were eluted with 0.50 M, by continuing 
elution for 500 ml as compared with 54 ml for Crampton’s chromatograms; 
this prolongation permitted the maximum concentration in the gradient, 
0.50 M, to be more nearly approached. 

Effective chromatography was also achieved with ‘stepwise’, or discon- 
tinuous increases in the concentration of barium acetate eluent. Histone 
chloride, prepared from calf thymus DNP by the acid extraction, was chromato- 
graphed on Ba IRC-50, using 0.10 M barium acetate as the initial eluent. 
One peak, 11% of the original ninhydrin color, eluted with the solvent front 
and peak A, 38%, followed closely with the same eluent. A concentration of 
0.50 M barium acetate was necessary to elute an additional 12%, peak B, 
and brought the total yield to 61%. Nothing more was eluted by 1.0 M 
barium acetate. A yield as great as 71% has been obtained from similar 
chromatograms with other preparations from calf thymus DNP, the difference 
in yield presumably being due to differences in proportions of lysine and 
arginine-rich components. 


Calf Thymus Histone, Elution with Sodium Salts 

Satisfactory ion-exchange chromatography has also been achieved on Na 
IRC-50 with discrete changes of sodium salt solutions. The chromatogram 
reproduced in Fig. 1 is a good example. To minimize the possibility of de- 
gradation, dialysis was avoided and the time interval limited to less than one 
hour from extraction of the nuclear suspension to initiation of the chromato- 
gram. The histone was obtained by direct extraction from calf thymus 
nuclear suspension (see Methods). After centrifugation the histone extract 
was brought to pH 6.7, and a portion added to a column of Na IRC-50, which 
had been prewashed with 20 bed-volumes of water. The chromatogram 
showed considerable heterogeneity yielding five significant peaks accounting 
for 77% of the total original ninhydrin color. To facilitate reference these 
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Fic. 1. Chromatogram of calf thymus histone, using stepwise elution from Na IRC-50 
with sodium acetate (NaOAc) and sodium chloride. The pH of all eluents was 6.6. 
The letters sF;, etc. above the peaks, are used to identify the fractions and are referred to 
in the text. The numbers in the brackets above the peaks indicate the ‘‘s/n”’ ratios. 


peaks were labelled sF,, sF2, and sF3, indicating ‘‘fast’’ peaks of variable 
occurrence, sL denoting the lysine-rich peak (peak A of (4)), and sAj, sAs, and 
sA; referring to the arginine-rich components (peak B of (4)). The ‘“‘s” 
signifies that the fraction was obtained from a chromatogram with sodium salts, 
as distinguished from ‘“‘b” for those eluted with barium acetate. The yields of 
the peaks were as follows: 20% (sF;) eluted with water (traces of sodium salts), 
15% (sFe and sF;) with 1 M sodium acetate, 28% (sL) with 2 M sodium 
acetate, 7% (sAi) with 3 M sodium acetate, 5% (sA3) with 1 M sodium chloride 
buffered in 1 M sodium acetate, and a barely significant 2% (sA,) in 0.9 M 
sodium perchlorate, all at pH 6.5 to 6.7. A succession of sodium salts was 
used in order to extend the range of eluting strength of the sodium salt. 
Despite the rapid preparation of the histone for chromatography, a substantial 
proportion of the protein was freely elutable, but this was possibly material 
which had been removed by dialysis in other experiments. The peaks in 
Fig. 1 were identified by the characteristic s/n ratios of, respectively, 0.50, 
1.3, 0.27, 2.0, and 1.7. The first two peaks appear to be intermediate between 
the third peak containing a lysine-rich component and the fourth and fifth 
peaks containing arginine-rich components. 

A duplicate preparation gave a similar chromatogram except that in buffered 
1 M sodium chloride solution two small peaks were eluted, the faster with 
s/n =0.8, the slower with s/n = 1.4. 

The ease of elution might suggest degradation of histone, but since the 
chromatogram was obtained with very fresh material, any degradation might 
be expected to progress upon storage of the extract. A portion of the sample 
chromatographed in Fig. 1 was stored at 3° at pH 6.7 for 2 weeks and chromato- 
graphed under identical conditions. The total yield was only 48%; all 
components were diminished but especially those eluting with 2 M sodium 
acetate and later. 
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Calf Thymus Histone, Comparison of Elution with Sodium and Barium 

Chromatograms on Ba IRC-50, and on Na IRC-50, were compared more 
closely by running parallel chromatograms with the same protein solution. 
Chromatography was carried out at 3° to minimize the possibility of changes 
in the protein on the column at room temperature. The histone extract was 
obtained directly from calf thymus nuclei suspended in 3 M sodium chloride. 
The sample was divided into two portions and the sodium chloride was removed 
by dialysis, in the one case against three changes of 1 M sodium acetate, 
pH 6.6, and in the other against three changes of 0.10 M barium acetate, 
pH 6.6. The chromatograms are reproduced in Figs. 2a and 2b. Chromato- 
graphy in the cold produced one major change in both chromatograms; all 
components were eluted more easily, but the total yield was only slightly 
increased. The first peak from Na IRC-50 was identified by s/n as sL, the 
lysine-rich histone, and lagged only three bed-volumes behind the solvent front 
of the 1 24 sodium acetate in which it had been introduced. The smaller, 
freely eluting peaks may have been reduced by dialysis. Component sL 
constituted 58% of the total original ninhydrin color, while sA; and sAz 
amounted to 13% and 3% (eluted by 2 M sodium acetate), and sA;, 4% (eluted 
by 1 M sodium chloride buffered in 1 M sodium acetate). 

From Ba IRC-50 three peaks were eluted with a total yield of 80%. Of this, 
the last peak, (bA,), 2% eluted by 1 M barium acetate, had no counterpart in 
the above chromatogram with sodium salts. The lysine-rich peak (bL) 
amounted to 57% of the total, and the arginine-rich peak (bA) to 21%, which 
is similar to the sum of sA;, sAe, and sA; in Fig. 2a. 

To confirm the conclusion that sodium salts had resolved the arginine-rich 
component into three peaks, the three major fractions from Na IRC-50 were 
dialyzed against three changes of 0.10 M barium acetate, and were rechromato- 
graphed separately on Ba IRC-50 with barium acetate. Figures 3a to 3c show 
the resultant “‘rechromatograms” of the three major peaks, sL, sA;, and sA; 
of Fig. 2a. Peak sL eluted three bed-volumes behind the solvent front, as was 
expected (Fig. 3a), but the yield totalled only 45%. Peak sA; showed no 
elution in 0.10 M barium acetate, and 70% in 0.50 M barium acetate (Fig. 36). 
Peak sA; rechromatographed in the same way as sAj, except that the yield 
was only 32% (Fig. 3c). In other words, all arginine-rich peaks (sA,, sA, and 
sA;) from Na IRC-50 were combined in the peak elutable with 0.50 M barium 
acetate (bA). 

Similarly the two major fractions from Ba IRC-50 were dialyzed against 
three changes of 1 M sodium acetate and rechromatographed on Na IRC-50 
with sodium salts. Figures 3d and 3e show the resultant “‘rechromatograms” 
of the two major peaks (bL and bA) of Fig. 2b. Peak bL eluted with slight 
retardation in 1 M sodium acetate (as sL had done), but in only 40% yield. 
Only a trace of the second peak (bA) was eluted in 1 M sodium acetate, none in 
2 M sodium acetate, and 35% in 1 M sodium chloride buffered in 1 M sodium 
acetate (Fig. 3e), (that is in the position of sA;). The rechromatography did 
not produce evident degradation, but after treatment with barium acetate 
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Fic. 2. Chromatograms of samples from the same extract of calf thymus histone. 
In Fig. 2a, sodium acetate (NaOAc) and sodium chloride are used as eluents from 
Na IRC-50. In Fig. 26, barium acetate (BaOAc) is used as eluent from Ba IRC-50. 
The pH of all eluents was 6.6, the temperature was 3°. The letters, sL, bL, etc., serve 
the same purpose as in Fig. 1, with the prefix ‘‘s” indicating a fraction from Na IRC-50, 
and ‘‘b” indicating one from Ba IRC-50. 
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the arginine-rich component could no longer be resolved into the two major 
chromatographic peaks, A; and A3. 

Chicken Erythrocyte Histone 

Since preliminary experiments using gradient elution with barium acetate 
indicated even greater heterogeneity of the histone of chicken erythrocytes, 
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Fic. 3. Chromatograms resulting from er poe ge | of peaks in Figs. 2a and 2b. 
Figure 3a illustrates the rechromatography of peak sL of Fig. 2a; Fig. 3b, that of sAj; 


Fig. 3c, that of sA3. Barium acetate was used as eluent in stepwise elution from Ba IRC-50. 
Figure 3d illustrates the rechromatography of peak bL of Fig. 2b; Fig. 3e, that of bA. 
Sodium acetate (NaOAc) and sodium chloride were used as eluents from Na IRC-50. 
The temperature was 3°; the pH of all eluents was 6.6. The arrows along the abscissa 
indicate the points at which the eluents were changed. 
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elution from Na IRC-50 with a series of different sodium salts was applied to 
the fractionation of these proteins. Figure 4 represents such a chromatogram 
of chicken erythrocyte histone, dialyzed from 3M sodium chloride to1.0 
sodium acetate. It can be seen that three major and four minor components 
were separated with a total yield of 91% of the total original ninhydrin color. 
The larger peaks could be rechromatographed in the same positions, but 
30 to 50% was irreversibly bound to the column because of aggregation (20). 
Storage at 3° also led to increased aggregation, and a decrease of even the 
easily elutable peaks. Initial elution with 1.0 M sodium acetate produced a 
major peak of apparent heterogeneity (A to C in Fig. 4). By rechromato- 
graphy with lower salt concentrations, this heterogeneous fraction could be 
resolved into peak A (16% of the total original ninhydrin color) freely eluted 
in 0.5 M sodium acetate, 8% (peak B) following in the same buffer, and 
5% (peak C) with 1.0 M sodium acetate. Other yields of significant 
peaks were 3% (peak C;) with 1.2 M sodium acetate, 23% (peak D) with 
2.0 M sodium acetate, 6% (peak E) with 3.0 M sodium acetate, 7% (peak F) 
with 1.0 M sodium chloride, 16% (peak G), and 2% (peak G;) with 3.0 M 
sodium chloride. The sodium chloride was able to elute histone which 
sodium acetate could not. It was further observed that 1.0 M sodium nitrate 
could elute the component (peak G) which had required 3.0 M sodium chloride. 

When histone was extracted at pH 1.8 directly from chicken erythrocyte 
nuclei suspended in water, and was chromatographed similarly, the easily 
elutable peaks A and B were reduced to negligible yields. This was probably 
due to the omission of dialysis as a step in the preparation. By substituting 
1.9 M sodium acetate for 2.0 M sodium acetate as an eluent, peak D was 
partially resolved into two sharp peaks which were referred to as peaks D, and 
D.. All other peaks were similar to those in Fig. 4. When peaks C;, Di, De, 
E, and F were subjected to zone electrophoresis in starch gel (21), each peak 
consisted of characteristic electrophoretic bands, which corresponded to bands 
in the electrophoretic pattern of the whole histone extract. 

By discontinuous increases in the concentration of barium acetate, one could 
elute similar fractions of chicken erythrocyte histone from Ba IRC-50 in 
yields comparable to those of Fig. 4. 


Stability of Histone in Solutions of Sodium Salts 

The lack of degradation and the limited aggregation of histone chromato- 
graphed on Na IRC-50 has been confirmed by sedimentation studies. Calf 
thymus histone was prepared without dialysis (see Methods) and chromato- 
graphed to give fractions very similar to those illustrated in Fig. 2a. Samples 
of the original histone extract (adjusted to pH 6.2 for chromatography), 
the lysine-rich peak (sL), and the two major arginine-rich peaks (sA; and sAs;) 
were each dialyzed against two changes of 0.02 M acetate buffer, pH 4.0. 
These fractions were subjected to ultracentrifugation at 259,700Xg at room 
temperature in a Spinco ultracentrifuge equipped with a Philpot-Svensson 
schlieren optical system. The original extract consisted of a small, rapidly 
sedimenting peak (aggregated histone), and a heterogeneous peak (sedimenta- 
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Fic. 4. Chromatogram of chicken erythrocyte histone, obtained by stepwise elution 
from Na IRC-50 with sodium acetate (NaOAc) and sodium chloride. Letters A to G 
above the peaks facilitate reference in the text. The pH of all eluents was 6.6. 


tion constant 1 to 2S). Thelysine-rich component (1S) was apparently homo- 
geneous after 140 minutes. Both arginine-rich peaks were heterogeneous 
(from 1 to 2S). These observations indicated that our histone preparations 
had particle sizes comparable with those found by other authors (10, 22). 


TABLE II 
Stability of calf thymus histone to storage at 3°, or dialysis at 3°, pH 6.6 


Optical density of ninhydrin color 


Storage at 3° 


Fraction 
of Original 0 1 or 2 After Dialyzing 
histone* buffer weeks weeks dialysis buffer 
WwW 2.83 2.84 
1 M NaOAc 0.90 
1 M NaOAc 1.01 0.96 
L 0.10 M BaOAc 0.53 0.51 _— — 
0.10 M BaOAc 0.19 0.14 
A; and Az 0.10 M BaOAc 0.61 0.69 — o 
3 0.10 M BaOAc 0.27 0.27 — -- 
WwW 3 M NaCl 0.376 0.376 0.27 0.10 M BaOAc 
WwW 1 M NaCl 1.92 — 1.95 1 M NaOAc 
W 1 M NaCl 1.92 -- 1.37 0.10 M BaOAc 
i 1 M NaOAc 0.37 0.40 0.29 0.10 M BaOAc 
A 2 M NaOAc 0.55 0.61 0.55 0.10 M BaOAc 
As 1 M NaCl 0.44 0.50 0.38 0.10 M BaOAc 
i 0.10 M BaOAc 0.24 0.30 0.30 1 M NaOAc 
A; and A» 0.5 M BaOAc 1.35 1.11 1.08 1 M NaOAc 


*Abbreviations: W—whole histone; L—lysine-rich histone; Ai, Ae, As—arginine-rich histones; BaOAc—barium 
acetate; NaOAc—sodium acetate. 
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From the chromatographic experiments it was evident that storage of our 
histone preparations, chromatography at room temperature, and dialysis of 
chromatographic fractions did not produce increased degradation; rather, 
aggregated histone, which was not elutable with neutral salts, increased under 
these conditions. This evidence of the stability of histone chloride was consis- 
tent with changes in ninhydrin color yields upon storage of various fractions of 
calf thymus histone. These are summarized in Table II. The ninhydrin 
color yield of these fractions did not change after storage at 3° for 1 or 2 weeks, 
nor upon dialysis against sodium acetate. Stability at room temperature was 
similar if microbiological contamination was avoided. Dialysis against 
barium acetate usually lowered the net color yields about 20%, which may have 
been indicative of complex formation. Similar observations have been made 
for all dialyses preparatory to chromatography. 


Discussion 
Preparation of Histone 

Our observations are consistent with the report of Dounce et al. (23) that 
nuclei prepared by washing with citric acid formed viscous gels in alkaline or 
concentrated saline solution. Nuclear preparations which do not have this 
property have probably undergone degradation by a mitochondrial deoxy- 
ribonuclease, and possibly by proteases. To avoid the risk of contamination 
by mitochondria, the nuclei should be washed at least six times. 

It has been reported that dialysis increases both degradation and aggregation 
of histones. Crampton et al. (7) avoided dialysis by direct extraction of the 
histone from precipitated DNP with barium acetate and ethanol. Ethanol- 
extracted histone appears to be less stable than that extracted with acid. 
Smillie (10) has shown that non-aggregated histone, extracted at neutrality, 
appeared heterogeneous upon ultracentrifugation at pH 6 or greater, while 
histone extracted in acid was homogeneous. ‘This suggests that a contaminant 
of DNP was extracted by the ethanol only, and that it promoted degradation 
of the histone. 

Acid would seem to be preferable for extraction to avoid both degradation 
and aggregation, as long as the pH is kept above 1.5. Sulphuric acid has been 
useful in chemical extraction because histone sulphate is less soluble than his- 
tone chloride in ethanol, and may be easily fractionated (24, 25). However, 
sulphate ion interferes with the ninhydrin reaction and would need tobe 
removed before chromatography. 

In attempting to apply acid extraction of histones to a broad range of nuclear 
sources, one may encounter variations in concentration of DNP. The 
differences in the DNP concentrations of extracts will cause the pH to vary 
widely. We found that if the pH of extraction was less than 1.0, degradation 
was apparent even at 3°. The protein was stable between pH 1.8 and 2.4, 
even at room temperature, and DNA was almost quantitatively precipitated, 
leaving a protein yield of 85 to 90%. It is thus important to control the pH 
carefully during histone extraction. Stedman (26) has also cautioned against 
the use of relatively concentrated acids (for example, 0.5 M hydrochloric acid), 
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because of the risk of contaminating the histone extract with non-histone 
proteins. 


Aggregation of Histone 

It has been suggested that the portion of histone not elutable from IRC-50 
has formed an aggregated complex. Conditions favoring the formation of 
these complexes may be deduced from non-chromatographic evidence. 

By sedimentation in the ultracentrifuge Smillie et a/. (10), Ui (24), Cruft 
et al. (9), and Butler et al. (8) found calf thymus histone to consist of one 
component (or a poorly resolved pair) of sedimentation constant equal to 1 to 
2 Svedbergs, and another aggregated component varying from 10 to 20 S. 
Luck et al. (2) have found that in nearly salt-free solution, pH 1.5 to 7.0, or 
in 3 M guanidine chloride, pH 5.4 to 7.8, all of the histone sediments at less 
than 1 S, corresponding to a molecular weight of less than 10,000. Davison 
et al. (27) have made similar observations at pH’s less than 4. It appears that 
at pH’s of 6 or greater an irreversible aggregation occurs, forming a component 
of relatively great particle weight. At a pH less than 4, or in solution of low 
ionic strength, or in concentrated urea or guanidine solutions, the native 
arginine-rich component reversibly disaggregates from a particle weight of 
40,000 to less than 10,000. Our own evidence is in agreement with that cited 
here, indicating that component sL has a particle weight of approximately 
10,000, and that sA; and sAs, are mixtures with particle weights from 10,000 to 
40,000. 

Our work has confirmed that of Crampton ef al. (7), and Cruft et al. (9), 
that dialysis at pH 6 or greater increased aggregation of both lysine-rich and 
arginine-rich components. Bakay et al. (28) reported that, during dialysis at 
pH 9.0, about a quarter of the histone nitrogen escaped the sac, whereas after 
dialysis at pH 2.6, more than 70% escaped. At higher pH’s the dialyzable 
components had greater specific ninhydrin color, although degradation was 
unlikely. It seems rather that at high pH, only the lysine-rich histone was 
dialyzable, whereas at low pH, all of the histone (with a lower specific ninhydrin 
color) was disaggregated and dialyzable. Procedures which include dialysis 
may cause some loss of the more dialyzable lysine-rich histone. 

From this evidence, it may be concluded that to analyze native histone by 
ion-exchange chromatography, one should avoid dialysis, and prevent aggrega- 
tion by maintaining the pH below 5. The washing of nuclei with citric acid, 
and extraction of histone at pH 1.8 directly from nuclei, meet this requirement, 


but cation-exchange chromatography on IRC-50 cannot be performed at a 
PH less than 6. 


Chromatography of Histone 

In electrostatic adsorption of histone by the resin, there are four ionic species 
of significance in the equilibrium: the dissociated carboxylic acid resin; the 
cation used aseluent; the histone dissociated predominantly as acation; and 
the anion of the eluting salt, for example, acetate. Of these, the last is usually 
ignored in practical cation-exchange chromatography, but we have found that 
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changing the anion of the eluting salt has a pronounced effect on elution of 
cationic proteins. This property was applied to the resolution of four reprodu- 
cible components of calf thymus histone and seven of chicken erythrocyte 
histone. 

We did not find it necessary to use gradient elution to obtain good chromato- 
graphy, although its application has been recommended (3). Unduly broad 
peaks, eluted at one concentration of buffer, could be sharpened by elution with 
a slightly greater concentration of salt. 

Crampton et al. (7) have found that if preparation of calf thymus histone was 
prolonged by dialysis, the chromatograms on Ba IRC-50 occasionally showed 
anomalous heterogeneity. These authors had not been able to demonstrate 
elution of fresh preparations of histone from Na IRC-50 (4), and Butler referred 
to similar unpublished evidence (3). The additional peaks, appearing after 
prolonged dialysis, were elutable from Na IRC-50, and it is probable that in 
their extracts this was indicative of degradation. In contrast we have obtained 
good chromatograms by elution with sodium salts from Na IRC-50. Degrada- 
tion of the protein was not evident, according to the following observations: 

1. Neither storage nor dialysis of the histone solution increased elutability 
with sodium salts. In fact, yields decreased, presumably due to aggregation 
of histone. 

2. Rapid preparation of histone, without dialysis, did not diminish elutability 
with sodium acetate. 

3. Chromatography in the cold did not diminish elutability with sodium 
salts; in fact each component was more easily eluted. 

4. Barium acetate chromatograms were similar to those of other authors, 
while sodium salt chromatograms closely paralleled those with barium; the 
peaks had the expected positions of lysine-rich and arginine-rich histones. 

5. Peaks could be rechromatographed with the other cation (sodium or 
barium) in the positions expected by comparison of parallel chromatograms. 

Elution with sodium salts resolved the arginine-rich component of calf 
thymus histone into three peaks (sAi, sAz, and sA;), whereas barium acetate 
eluted this histone as one peak (bA). If this peak (bA) was rechromatographed 
with sodium salts, a single component was eluted by sodium chloride in the 
position of sA;. This suggests that sA; aggregates to sA;3, and that bA is 
identical with sA;. A tendency to greater complex formation in the presence 
of barium ion was further indicated by the decrease in ninhydrin color yield 
upon dialysis from sodium to barium salt solution. 

The fact that we obtained elution of stable histone from Na IRC-50 might 
be explained by a greater degree of activation of the resin, which might affect the 
contribution of non-ionic forces, significant in binding the protein (20). The 
easier elution in the cold may have been due to a diminished significance of 
these non-ionic forces (29). 
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A SURFACE TENSION EQUILIBRIUM STUDY OF 
HUMAN SERUM IN ATHEROSCLEROSIS! 


J. J. Jasper, D. S. McCann, R. E. MosHer, AND A. J. BOYLE 


Abstract 


The rate of attainment of a static surface tension equilibrium by human blood 
serum was investigated. In general serum from atherosclerotic individuals 
tends to reach a static surface tension value more rapidly than serum from a 
normal subject. From a consideration of typical surface tension versus age-of- 
surface curves of fresh serum, of heated denatured serum, and of aged serum, it is 
concluded that the rate of change of surface tension is a function of serum protein 
structure and therefore influences the colloidal stability of serum. 

In an early attempt to learn more about the colloidal stability of serum in 
normal and atherosclerotic individuals an investigation of the interaction of 
serum and metal ions in relation to their second ionization potential was made 
(1). The results of that experimentation led to a study of serum surface 
tension which is the subject of this paper. 

Surface tension values were obtained by capillary height measurements, 
a method which is very accurate and particularly adapted to handle the 
problem of changes of surface tension over varying periods of time. The 
capillarimeter used, which permits readings to be made with an accuracy of 
0.001 dynes per cm, was designed by Jasper and Harrington (2). It is an all- 
glass instrument, fairly small and compact, so that the whole can be placed 
into a water bath where isothermal conditions may be maintained easily. 
Most important, continuous readings may be taken on the same sample 
throughout a period of observation without disturbing the serum surfaces 
(i.e. glass and air). 

Using the capillary height method the value of the surface tension (y) is 
obtained from the following relationship. 

y= a(h+r/3) (Di—Dy)gr 

y is the surface tension in dynes per cm, 

h is the height in cm of the column of liquid in the capillary, and r is the 
capillary radius in cm. Two capillaries were used in this work having 
radii of .01229 and .01214 cm. Dy, and D, are the densities of the liquid 
and vapor phases respectively. The values for these were determined in 
the preliminary work (3) as 1.084 g/ml for D; and 0.0011 g/ml for Dy. 
Acceleration due to gravity, g, is 980.32 cm sec~ in Detroit. 


At 37° C, the temperature at which this work was done, serum attains a 
static surface tension only after the surface has aged for 18 or more hours. 
A pure liquid reaches the height which corresponds to its surface tension 
almost instantaneously upon being introduced into a capillary. In solutions, 
especially very dilute ones, this equilibrium may only be reached after a 


1Manuscript received in original form December 22, 1958, and, as revised, April 8, 1959. 
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measurable time interval. In solutions of organo-electrolytes the variation 
of surface tension with time may be particularly slow, and the rate not con- 
stant. In such solutions one can distinguish between the dynamic surface 
tension, which is defined as the value of the surface tension at the time the 
surface is formed, and the static surface tension, which is the value eventually 
reached after equilibrium has been established between the surface components 
and those of the bulk phase. The effect of the positive adsorption of one 
component of a binary solution is to lower the surface tension of the system 
to a value below that of the more polar component. This results from the 
increased concentration of the surface active component in the surface region 
and the orientation of its molecules in such a way as to reduce the total free 
surface energy to a minimum value. Doss (4) explains the curious and slow 
attainment of static surface tension values by some organo-electrolytic solu- 
tions as being due to an electrical double layer which is formed as the result of 
the ionic dissociation of the surface active molecules. Thus, a potential 
barrier is established by the first molecules reaching the surface against others 
which attempt to penetrate into this region. This greatly decreases the rate 
of diffusion of additional molecules into the surface region and their subsequent 
orientation until so many of them accumulate near the surface that the effect 
is overcome when suddenly the minimum free surface energy can be attained. 

Since delay in surface orientation has been ascribed to charge, and since 
colloidal stability is a function of charge, it seemed reasonable to study the 
over-all stability of serum by measuring the rate at which the surface tension 
of serum changes. For most serum samples cholesterol and phospholipid 
determinations were also made, and in many cases the proteins were deter- 
mined by paper electrophoresis. 


Experimental Methods 

Materials 

Blood serum was obtained by drawing 40 ml of blood from fasting subjects, 
refrigerating it from 1 to 3 hours, then centrifuging, decanting, and storing it 
at 5° C until it was used. For surface tension work the serum remains quite 
stable under these conditions for at least four days. The pathological samples 
were drawn from a group of patients having diagnosed atherosclerosis and 
ranging in age from 34 to 81 years, but with some 80% falling into the age 
bracket including the sixth and seventh decades. The normal samples were 
obtained from university students, most of whom were in the third decade. 


Surface Tension Measurements 

Serum is introduced into the reservoir of the capillarimeter, and this is left 
for exactly 30 minutes in a 37.0° C water bath. The serum is then drawn 
through the capillary by inversion of the capillarimeter and left to equilibrate 
another 30 minutes in the water bath. At the end of this period the capil- 
larimeter is again inverted and the serum allowed to flow through the capillary. 
This effectively eliminates small bubbles which may have formed at the base 
of the capillary, and ensures the formation of new surfaces. The surface 
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tension is then measured at regular intervals, and this value plotted against 
the age of the surface. 

Since a period of 18 to 24 hours is required to obtain a static surface tension 
with serum, an arbitrary value of 55.03 dynes per cm was chosen as an end 
point in all measurements. The absolute figures in dynes chosen here were 
based on convenience. In the original capillarimeter used this involved a drop 
of the liquid column from 9.800 cm to 8.600 cm. The initial figure is the 
value reached by various sera anywhere from 5 to 20 minutes after inversion 
of the capillarimeter. A few minutes are required to perform the successive 
operations consisting of clamping the instrument rigidly in a vertical position, 
removing the air which collects under the re-entrant base, and finally focusing 
the high precision cathetometer. Hence the 9.800 cm was chosen which is 
equivalent to 63.02 dynes per cm. As for the second figure, it lies approxi- 
mately midway to the point where the curve reaches its first horizontal plateau. 

The capillarimeter was cleaned after each run by rinsing three times with 
distilled water to remove all the serum, then introducing nitric acid and letting 
the instrument stand overnight so that much of the acid actually flows through 
the capillary. It was then rinsed again, four times with distilled water 
followed twice with reagent grade acetone, and dried by the application of 
suction with a vacuum pump. 

To obtain comparable results the time allowed for temperature equilibration 
is critical. As is shown in Fig. 2 several hours’ exposure of the serum to 
temperatures of 37° C increases the rate of change of surface tension, i.e., there 
is a decrease in the time required for a given drop to occur. 


Cholesterol Determinations 
These were made on alcohol—acetone extracts of the serum by the method 
of Zlatkis et al. (5) and Brown et al. (6). 


Phospholipid Determinations 
These were made on alcohol-ether extracts as outlined by Goodwin et al. (7). 


Protein Determinations 

Total protein was determined with the biuret reaction and protein fractions 
by the use of paper electrophoresis employing a horizontal migration chamber. 
The staining technique was that developed by Jucks, Jetton, and Durrum’s 
group (8). 


Results and Discussion 


Figure 1 shows the general shape of the curves obtained on measuring the 
surface tension of serum versus age of the surface. Early work by Lecomte 
du Noiiy (9) proved quite conclusively that the surface adsorption of proteins 
is essentially responsible for the lowering of serum surface tension below that 
of water. The peculiarly humped curve obtained in this study would appear 
to be the result of protein denaturation. Thus portion A of the curve is due 
simply to positive adsorption of protein to the surface. Although the Doss 
effect might be invoked to explain the shape of the curve at B it can scarcely 
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Fic. 1. Typical surface tension versus time curve of human serum. 
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Fic. 2. Effect of heat and age on the surface tension of serum. These three curves 
represent successive series of surface tension measurements all run on the same sample of 
serum. Curve A was obtained in the normal manner. Although not shown on the graph 
it is significant that after 22 hours it had attained a static surface tension of 28.85 
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explain the continued decrease of surface tension beyond 15 or more hours 
(i.e., beyond CD). A consideration then of the curves in Fig. 2 seems to 
suggest strongly that the whole phenomenon beyond AB is due to surface 
denaturation of protein or lipoprotein. Surface tension versus time curves of 
refrigerated aliquots of the same serum are quite reproducible over a 3- to 
4-day period. As serum ages beyond this period or at higher temperatures the 
rate of change of surface tension increases progressively (Fig. 2, curve A as 
opposed to curve B). If serum is heated for 30 minutes at 55° C one obtains 
a radically altered pattern (Fig. 2, curve C). Finally, it would appear that 
adsorption to a surface should be complete within an hour. 

The higher final surface tension obtained with heated serum as opposed to 
age-denatured but unheated serum gives rise to some interesting speculation. 
In the case of the unheated serum ease of surface orientation increases with 
increasing age; presumably more and more orientable groups are unmasked as 
hydrogen bonding within the protein complexes gives way, and a more highly 
organized surface is possible. If sometime after a surface tension run is 
begun, a new serum surface is formed by reinverting the capillarimeter, the whole 
curve can be repeated, but the new curve will lie a little below the first one, 
i.e., some previously denatured protein again reaches the surface, but on the 
whole one starts with surface adsorption of protein molecules which have 
previously been in the body of the solution. If, on the other hand, one heats 
serum to 55° C, gelation sets in. It is clear that denaturation has again 
occurred, but additional changes besides the breaking of hydrogen bonding 
are involved. In some manner water is taken up irreversibly by the protein 
molecules. Their particle size increases and the variety of orientation pos- 
sibilities decreases, hence, though the initial lowering of surface tension is 
rapid, the static surface tension is much higher than that of unheated serum. 
One might postulate that the superhydrated protein molecule is unlike the 
original species and therefore has considerably different surface-activating 
characteristics. 

The denaturation theory is also supported by the fact that dilution of serum 
with saline does not affect the curves very markedly until one gets to a 1:1 
concentration. At this dilution the electrostatic binding of albumin to 
globulin is affected and these proteins dissociate. 

Table I shows that the time required for a given amount of surface aging 
to occur overlaps considerably for normal and atherosclerotic males. It is 
apparent, however, that the trend of resistance to surface aging (or denatura- 
tion) is greatest in the normal group. This is more evident in the normal 
versus atherosclerotic females. The sharper demarcation here may be due 
to the later development of atherosclerosis in women generally. In other 
words, one would not know how many of the normal males studied actually 
had the beginnings of the disease. 


dynes/cm. Curve B was run 2 days later, so that the serum had aged for 22 hours at 
37° C after which it was refrigerated for an additional 24 hours. Curve C was obtained 
by heating the serum used in the previous two runs for 30 minutes at 55° C, cooling it, 
and then measuring surface tension changes with time. Significantly the static surface 
tension reached by this material was only 48.20 dynes/cm. 
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TABLE I 


Time required for surface tension of serum to drop from 
63.02 dynes cm™ to 55.03 dynes cm™ 


Men Women 
Athero- Normal Others Athero- Normal Others 
sclerotic sclerotic 
Time 
intervals (hr) Per cent of cases Per cent of cases 
0.51-1.00 4.5% 
1.01-1.50 5.0% 
1.51-2.00 11.7 9.1 
2.01-2.50 36.7 23.1% 28.6% 27.3 
2.51-3.00 16.6 19.2 28.6 40.9 33.3% 20.0% 
3.01-3.50 13.3 30.7 28.6 9.1 25.0 40.0 
3.51-4.00 8.4 23.1 4.5 8.3 20.0 
4.01-4.50 5.00 16.7 20.0 
4.51-5.00 3.8 14.3 8.3 
5.01-5.50 8.3 
5.51-6.00 
6.01-6.50 
6.51-7.00 
No. of cases 
studied 60 33 22 22 
Mean time, hrf 2.72 3.08 2.70 3.52 
Std. dev. +.99 +.67 +1.09 +.70 
Confidence level at 
which difference 
between means is 
significant .943 .997 
Mean time, hr* 2.65 3.08 2.51 3.52 
Std. dev. +.84 + .67 + .63 +.70 


Confidence level at 
which difference 
between means is 
significant - 988 .999 


*Excluding the values starred in the body of the table. 
tIncludes all the values obtained. 

Consideration of the mean times and standard deviations show that there is 
a statistically significant difference between the means of the atherosclerotic 
and the normal males even if the two extremely high values (starred) are 
included in the calculations. The same is true for the two female groups. 
Statistically the three starred cases should be dropped in the calculation of 
mean times and their deviations, since they lie well out of the range encom- 
passed by the mean time + three standard errors. However, they were 
tabulated since it seems noteworthy that they occur at all and that they 
apparently occur only among the atherosclerotic groups, never among the 
“normals’’. 

The cases listed as “others’’ involve mostly heart diseases of rheumatic 
origin. It is striking that the serum surface tension of this group fell essen- 
tially in the pattern distribution of normals. On the basis of the hypothesis 
outlined above that the decrease of serum surface tension with the age of the 
surface is a function of surface denaturation of protein or lipoprotein, the 
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question arises whether a serum which denatures rapidly in vitro is also less 
stable in vivo. It would seem reasonable that a serum of unstable protein 
colloidal state might more readily deposit various substances in and on intimal 
surfaces, particularly in areas of turbulent flow. Aside from colloidal stability 
of serum, that of the intima is also a matter for consideration. The latter, 
however, is decidedly more difficult to measure. 

The coefficients of correlation between cholesterol, phospholipid, and 
cholesterol/phospholipid ratio with surface tension were calculated by the 
product moment method. This material is summarized in Tables II-IV. 
The data was grouped as indicated in the class interval columns; the large 
number of each triplet represents the frequency with which determinations fell 
into the two classes indicated by the triplet position. The extent of positive 
correlation existing between cholesterol and surface tension (r= —.39,0,= 
.070) can reasonably be ascribed to the fact that more people with athero- 
sclerosis have high cholesterol levels than low ones. The coefficient of cor- 
relation is not nearly high enough to suggest that the rate of change of surface 
tension of serum with time is a function of cholesterol concentration. The 
same thing applies to the coefficient of correlation for phospholipids and surface 
tension (r= —.43,¢0,=.078). At the .95 confidence level there is no significant 
correlation between the cholesterol/phospholipid ratio and surface tension 
(r= —.15,0,=.081). 

Not enough protein determinations were made to handle these data statis- 
tically, but again there was no indication of a dependence of the rate of change 
of surface tension on the concentration of any one of the protein constituents 
as determined by paper electrophoresis. These observations seem to support 
the suggestion that the change of surface tension with time is due to protein 
denaturation. From a purely quantitative point of view there is always more 
than enough of any one of these serum constituents available in undiluted 
serum to saturate the surface phase. 


TABLE V 


Reproducibility of surface tension versus time measurements in normal individuals 
over periods varying from 1 week to 1.5 years 


Subject Date blood Time in hr for surface tension 

(fasting) Age and sex drawn to drop from 63.02 to 55.03 dynes cm-! 
A 27M 6/1/55 ae 
2/6/56 2.20 
B 23. F 1/7/57 4.57 
1/29/57 4.60 
28 F 1/30/56 2.55 
12/19/56 2.70 
5/23/57 2.63 
8/27/57 2.95 
8/30/57 2.95 
D 37M 1/18/56 3.55 
1/23/57 3.35 
25 F 3/6/56 3.35 


7/6/56 3.37 


is 
dy 


JASPER ET AL.: HUMAN SERUM IN ATHEROSCLEROSIS 871 


Table V indicates the extent to which surface tension measurements are 
reproducible on ‘‘normal” individuals over various time intervals. 

This type of study appears worthy of further investigation. An attempt is 
being made at this time to correlate surface tension measurements with light- 
scattering data. It is too early to draw any conclusions from preliminary 
measurements as to patterns developed or protein particle size. 
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INHIBITION OF CARBOHYDRATE METABOLISM OF 
RAT BRAIN TISSUE BY ADRENOCHROME! 


VERNON R. WooprorD, JR. 


Abstract 


Adrenochrome has been found to bring about an inhibition of the utilization of 
glucose, pyruvate, and succinate by minced rat brain preparations under aerobic 
conditions. Theinhibition appears to be largely attributable to the presence of 
the quinoid structure since alteration of this structure, as in the Girard-T 
derivative, resulted in a compound that caused little or no inhibition. The impli- 
cations of these findings are discussed. 


Introduction 


Randall (1) and Meyerhof and Randall (2) observed that adrenochrome 
interferes with the anaerobic glycolysis of rat brain by inhibiting the phos- 
phorylation of glucose and of fructose-6-phosphate. Inhibition of hexokinase 
in rat diaphragm by adrenochrome has been reported by Walaas and Walaas (3). 
Moreover, Park et al. (4) reported that adrenochrome in a concentration of 
5X10-* M uncouples oxidative phosphorylation in the mitochondria of the 
hamster liver when beta hydroxybutyrate is used as a substrate. Hoffer 
et al. (5) have reported that adrenochrome, administered intravenously to 
normal subjects, produces transitory mental disturbance. Finally, Szatmari 
et al. (6) have demonstrated electroencephalographic changes after administra- 
tion of this drug to epileptic patients. In view of these observations, it ap- 
peared to be of interest to investigate the effect of adrenochrome on the 
aerobic carbohydrate metabolism of brain tissue. 


Materials and Methods 


Adrenochrome Synthesis 

Adrenochrome was synthesized according to the procedure of Randall (1) or 
that of Harley-Mason (7) depending upon the quantity desired. Both pro- 
cedures involve the oxidation of adrenaline with silver oxide in a medium of 
methanol acidified with formic acid. The air-dried product was stored in 
the dark in a desiccator over paraffin and phosphorus pentoxide. Adreno- 
chrome prepared in this way is bright red in color and is fairly stable when 
kept in the absence of light and moisture. 


Preparation of Brain Tissue 

Adult albino rats were killed by decapitation and the brains were immedi- 
ately removed. These were rinsed either with distilled water or the phosphate- 
buffered saline (one part M/5 phosphate buffer, pH 7.4; two parts isotonic 
saline) of Quastel and Wheatley (8) to remove the blood, and then were finely 

‘Manuscript received November 28, 1958. 
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minced with a scalpel. An amount of the minced tissue estimated to be about 
0.5 ml was placed in each flask along with 3.5 ml of the incubation medium 
described in Table I. Approximately seven to eight minutes elapsed between 
the time of killing the animal and completion of placing the minced brain in 
the flasks. At the end of each experiment, the contents of each flask were 
quantitatively transferred to digestion flasks for nitrogen determination accord- 
ing to the method of Ma and Zuazaga (9). 

Experiments to investigate the influence of the Girard-T derivative of 
adrenochrome on rat brain respiratory activity were also carried out in the 
Warburg apparatus. Rat brain homogenate suspended in the calcium-free 
Ringer solution of Elliott and Libet (10) served as tissue preparation. The 
brain was washed with a small portion of this solution and then made into a 
10% homogenate with fresh portions of the medium. 

All values for oxygen uptake were calculated on the basis of tissue nitrogen. 
Further details of the experiments are reported in the appropriate sections. 


Results 


Inhibition by Adrenochrome with Added Glucose as the Substrate 

Three pairs of flasks were prepared. One pair contained only the tissue, 
the second, added glucose, and the third, added glucose and adrenochrome. 
The first pair of flasks served as controls for the second pair, and the second pair 
as controls for the third. In the control flasks the adrenochrome and glucose 
solutions were replaced with isotonic saline. Two reagent blanks were pre- 
pared. One of these contained adrenochrome, the other did not. The oxygen 
uptake values for the tissue-containing samples were corrected for the spon- 
taneous uptake of oxygen in the appropriate blank. 

After addition of all other components to the flasks, the brain tissue was 
added followed by the adrenochrome. Ten minutes were allowed for tempera- 
ture equilibration, during which time substrate was tipped in from the side arm. 
The values for oxygen uptake in the tables below are expressed as microliters 
per hour per milligram tissue nitrogen, and are the mean of duplicate samples. 

The results of the experiments of this section are recorded in Table I. 

Statistical significance of the differences in oxygen uptake was calculated 
by means of the ¢ test, making use of the short formula of Snedecor (11). 
Addition of glucose to the tissue samples did not significantly increase oxygen 
uptake during the first hour; however, during the second the increase was 
highly significant. Reduction of oxygen uptake in the presence of adreno- 
chrome was highly significant during both hours. 

Under our experimental conditions, respiration of the brain tissue was 
inhibited by 57% in the presence of adrenochrome. 


Inhibition of Respiration by Adrenochrome with Pyruvate as the Substrate 

The experiments with pyruvate as the substrate were carried out as described 
above except in one respect. Due to the fact that there appears to be a fairly 
large amount of available endogenous substrate in brain (as indicated by the 
results in Table I; also see refs. 8 and 12), a preliminary 2.5-hour incubation 
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TABLE I 
Inhibition of glucose utilization in rat brain tissue by adrenochrome 


Microliters of O. consumed per mg of tissue nitrogen 


First hour Second hour 
Minced Minced 
Expt. tissue Plus Plus glucose tissue Plus Plus glucose 
No. alone glucose and adrch. alone glucose and adrch. 
1 18.0 25.2 9.3 16.4 22.4 8.1 
2 19.8 34.0 6.1 14.6 26.0 6.9 
3 22.7 22.0 14.4 16.4 21.3 21.1 
4 5 | 23.2 4.2 17.3 22.1 14.5 
Mean 20.5 26.1 8.5 16.2 23.0 12.7 
| >0.05 <0.01 <0.01 <0.05 


Inhibition: 57% 


Note: Adrch. signifies adrenochrome. The experimental flasks contained the following: 1.0 ml phosphate buffer, 
0.2 M, pH 7.4; 2.0 ml isotonic saline; 0.5 ml minced brain tissue; 0.2 ml aqueous adrenochrome solution containing 
1.0 mg of the reagent, final concentration 1.4 10-3 M, all in the main compartment; the side arm contained 0.3 ml 
of 5.4% glucose; final concentration 2.25 K 10-2 M. In the controls, isotonic saline replaced the adrenochrome and 
glucose solutions as appropriate. Total volume was 4.0 ml. Carbon dioxide was absorbed with 0.2 ml 30% NaOH 
placed in the center well. Gas phase, air; temperature, 37.5° C. 


treatment was given before addition of the pyruvate in all but the first experi- 
ment of this section. At the end of this period, the flasks were removed from 
the bath, adrenochrome was added to the main compartment and NaOH to 
the center well. Following this, pyruvate was tipped in from the side arm and 
the contents of the flask were permitted to undergo the usual 10-minute 
equilibration. The results of these experiments are reported in Table II. 


TABLE II 
Inhibition of pyruvate utilization in rat brain tissue by adrenochrome 


Microliters of O2 consumed per mg of tissue nitrogen 


First hour Second hour 
Minced Plus Minced Plus 
Expt tissue Plus pyruvate tissue Plus pyruvate 
No. alone pyruvate and adrch. alone pyruvate and adrch. 
1 18.9 20.1 8.4 
2 10.5 15.7 1.5 7.3 17.0 3.6 
3 10.1 2.7 3.4 8.3 20.2 3.0 
4 15.8 17.9 6.5 12.2 14.6 | 
§ 10.6 16.0 8.0 6.5 18.3 3.2 
6 11.5 16.5 6.5 7.9 15.6 2.1 
Mean 12.8 17.0 $.7 8.4 7.4 3:2 
rr <0.05 <0.01 <0.01 <0.01 


Inhibition: 74% 


Note: In all but the first experiment, a preliminary 2.5-hour incubation period was allowed before addition of 
ad pyruvate. — final concentration of pyruvate was 1.13X10-2_M. For all other experimental details see 
ote of Table I. 


The increase in the oxygen uptake of the pyruvate-containing samples over 
that of the samples with no added substrate was highly significant. Moreover, 
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the decreased uptake of oxygen in the presence of adrenochrome was also 
highly significant. Inhibition under these circumstances amounted to 74%. 


Inhibition of Respiratory Activity by Adrenochrome with Succinate as the Substrate 
The experiments with added succinate were carried out in the same fashion 


as those of the preceding section. The results of these experiments are reported 
in Table III. 


TABLE III 
Inhibition of succinate utilization in rat brain tissue by adrenochrome 


Microliters of O. consumed per mg of tissue nitrogen 


First hour Second hour 
Minced Plus Minced Plus 
Expt. tissue Plus succinate tissue Plus succinate 
No. alone succinate and adrch. alone succinate and adrch. 
1 8.8 2.5 15.4 7.0 18.8 19.5 
2 4.2 21.2 | 21.8 41.2 
3 | 13.2 11.9 9.4 8.2 
4 12.5 19.8 10.5 §.0 16.2 7.9 
5 13.9 19.3 6.1 ce 16.7 6.4 
6 11.4 24.3 18.6 7.9 23.4 20.2 
Mean 10.3 22.6 12.4 6.5 20.7 11.8 
P <0.01 <0.01 <0.01 >0.05 


Inhibition: 44% 


Note: Final succinate concentration was 2.2 10-? M, In the second experiment the preliminary incubation 
period amounted to 3.5 hours; in all others, 2.5 hours. For other experimental details, see Note of Table I. 


During both hours of the experimental period there was a highly significant 
increase in the oxygen consumption of the tissue in the presence of added 
substrate. The decrease in oxygen uptake in the presence of adrenochrome 
was, again, highly significant. Inhibition in this instance amounted to 44%. 


The Influence of the Girard-T Derivative of Adrenochrome on Brain Respiration 
in the Presence of Added Glucose 

Randall (1) has shown that glutathione abolishes the inhibition of anaerobic 
glycolysis in rat brain homogenate by adrenochrome, indicating that adreno- 
chrome may act through oxidation of sulphydryl groups. This is consistent 
with the known effect of other quinones on sulphydryl group-containing 
enzymes. Rinkel (13) has demonstrated that substitution of a carbonyl group 
of adrenochrome with semicarbazide resulted in a product which had no effect 
on the functions of the brain when ingested by normal individuals. It was felt 
worthwhile to investigate the effect on carbohydrate metabolism of an adreno- 
chrome derivative of this type. Such a compound would not be expected to 
be capable of sulphydryl group oxidation. Accordingly experiments were set 
up following the design of those reported above; however, homogenates were 
used in order to circumvent a possible permeability factor. Also, the buffered 
saline used by Quastel (8) was replaced with the modified Ringer solution of 
Elliott and Libet (10) since the latter medium appeared to be more effective in 
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supporting homogenate respiration. Unreported experiments carried out in 
the same way with adrenochrome at the same concentration as the Girard-T 
derivative showed complete inhibition. The results of this series of experi- 
ments are presented in Table IV. 


TABLE IV 


Glucose metabolism of rat brain homogenate in presence of the 
Girard-T derivative of adrenochrome 


Microliters of O2 consumed per mg tissue nitrogen 


First hour Second hour 
Expt. Homogenate Plus Plus glucose Homogenate Plus Plus glucose 
No. alone glucose andGTA alone glucose and GTA 

1 39 55 49 17 34 30 

2 43 67 53 22 49 35 

3 50 74 63 19 46 40 

4 37 66 55 18 44 34 

5 47 73 60 20 47 40 
Mea 43 67 56 19 44 35 

<0.01 <0.05 <0.01 <0.05 


Inhibition: 18% 


Note: GTA standsforthe Girard-T derivative of adrenochrome. The experimental flasks contained the following: 
0.8 2 “Elliott. Libet modified Ringer solution (10); 1.0 ml of 10% homogenate; 0.2 ml GTA solution (containing 
1 mg GTA dissolved in the modified Ringer solution, final flask concentration, 1.5 X 10-3 M); 0.3 ml of 5.4% glucose 
solution, final concentration, 3.9X10-? M. Other details as in Note of Table I. 


The increase in the oxygen consumption of the tissue in the presence of 
added glucose as compared with those without added substrate is highly 
significant, again indicating utilization of the added glucose by the tissue. 
However, the uptake of oxygen in the presence of the Girard-T derivative of 
adrenochrome indicates that little inhibition has occurred. 


Discussion 


The experimental work reported above was carried out before an improved 
method of adrenochrome synthesis was reported by Heacock et al. (14). 
According to these authors, preparations of adrenochrome synthesized by the 
methods used in this study may contain up to 1000 p.p.m. of silver, some of 
which is probably ionic and the rest colloidal. Assuming that our preparations 
had a silver content of 1000 p.p.m., the concentration of silver in the adreno- 
chrome-containing samples could be only 2.3X10-* M. Also, due to the pre- 
sence of a large excess of chloride ions, this silver could not be present in ionic 
form. It seemed, therefore, highly unlikely that the inhibition taking place 
in the presence of adrenochrome could be due to contamination by silver. 
Nevertheless an experiment was carried out in which silver acetate to make a 
final concentration of 2.310-* M was added to rat brain homogenate meta- 
bolizing glucose. No inhibition whatever was observed. 

Heacock et al. also reported (14) that preparations of adrenochrome obtained 
by the older methods of preparation contained varying amounts of adrenolutin 
and “black water-insoluble melanin-like compounds’. It is exceedingly 
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unlikely that the latter could be responsible for any of the inhibition reported, 
and in any case, it would be left behind when the freshly prepared adrenochrome 
solutions were pipetted into the flasks. There did exist, however, the possi- 
bility that small amounts of adrenolutin might have been partly responsible 
for the inhibition found in the presence of adrenochrome. Accordingly experi- 
ments were set up following the procedure described for the studies with 
homogenate preparations. Both adrenochrome (prepared according to the 
method of Heacock (14)) and adrenolutin were employed at final concentrations 
of 2.43X10-4 M. Under these conditions adrenochrome brought about 
inhibition equal to 48%, and in the presence of adrenolutin, inhibition was nil. 
It therefore appears that the inhibition described in the studies reported above 
can be ascribed to adrenochrome. 

The results shown in Tables I through III indicate that adrenochrome brings 
about inhibition of carbohydrate metabolism in minced rat brain preparations 
under aerobic conditions and that this inhibition is not confined to the glycolytic 
system. This is not surprising in view of the fact that Meyerhof and Randall 
(2) obtained evidence that the inhibition caused by adrenochrome in their 
studies is due to interference with sulphydryl enzymes. For many years it 
has been known that various quinones inhibit succinic dehydrogenase (15, 16). 
It is reasonable to surmise, therefore, that adrenochrome might inhibit succi- 
nate utilization in these brain preparations, and this has been shown in the 
present study. 

The inhibition brought about by adrenochrome in our studies appears to 
depend in large measure upon the quinone structure. This is indicated by the 
fact that respiration of the brain tissue preparation was only slightly diminished 
in the presence of the Girard-T derivative of adrenochrome. 
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THE EFFECT OF PHENETHYLBIGUANIDE UPON THE 
METABOLISM OF THE ISOLATED RAT DIAPHRAGM! 


N. ForBATH AND D. W. CLARKE 


Abstract 


Some of the effects of phenethylbiguanide (DBI) upon carbohydrate meta- 
bolism in the isolated rat diaphragm have been studied. The addition of this 
compound to an incubation medium stimulates the uptake of sugars, the break- 
down of glycogen, and the output of lactic acid and inorganic ee Free 
sugar does not accumulate in the diaphragm treated with DBI. 


Ungar, Freedman, and Shapiro (13), while making a systematic survey of 
the hypoglycemic properties of biguanide compounds, discovered that phen- 
ethylbiguanide (DBI) causes severe hypoglycemia in several animal species. 
The hypoglycemic action of DBI is presumably attributable to an increased 
peripheral utilization or a decreased hepatic production of sugar. The pos- 
sibility of the former process has been demonstrated in vitro, when DBI is 
added to the incubation medium of the rat diaphragm preparation (15). 
This property of the drug is very interesting from the theoretical point of 
view, as the widely used sulphonylurea derivatives do not share this particular 
and very important action of insulin (1, 3, 4). The drug differs from the 
sulphonylurea compounds in its actions in vitro in that, according to Ungar 
et al. (13), it reduces the blood sugar of alloxan diabetic animals. This 
finding suggests that the hypoglycemic action of DBI is not dependent upon 
the presence of insulin in the body, and raises the question as to whether DBI 
really mimics the effects of insulin or whether its hypoglycemic effect is due to 
changes in the metabolism which are unrelated to any activity of insulin. In 
this paper we are reporting studies dealing with this problem. 


Experimental 


Wistar rats of both sexes, weighing from 100 to 150 g, were either fasted for 
24 hours prior to the experiment or allowed to eat ad libitum until they were 
used. They were killed by decapitation and the diaphragms were removed, 
washed in a substrate-free incubation medium, trimmed, blotted on filter 
paper, and weighed. About one-third (central anterior portion) of the 
diaphragm was put into hot, 30% KOH for a glycogen determination (6). 
The values obtained in this determination will subsequently be referred to as 
“initial glycogen content”. The remaining two portions of the diaphragm 
were placed in the incubation vessels (25-cc Erlenmeyer flasks). Each portion 
weighed between 50 mg and 100 mg. The vessels were gassed with 95% O.- 
5% COz mixture for 1 minute, and the incubation was started immediately 
thereafter. We used the Krebs—Henseleit bicarbonate buffered medium (12) 
but in the experiments in which inorganic phosphorus output was measured, 


1Manuscript received November 28, 1958. 
Contribution from the Department of Physiology, University of Toronto, Toronto, Ontario. 
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the phosphate salt was omitted. Three milliliters of medium was placed in 
each flask. One-half of the flasks contained DBI, the other half were used as 
controls. The medium was gassed with the O.-CO, mixture for 30 minutes 
before use and the pH was checked at values between 7.2 and 7.4. The 
flasks were shaken at 37° C for 1 hour in a Dubnoff shaker. At the end of 
the incubation period, the tissues were removed and their glycogen contents 
were determined, using all the tissue. An aliquot was taken from the incuba- 
tion medium (usually 2 ml) for the determination of glucose, inorganic phos- 
phate, and lactic acid. Solutions were deproteinized by the addition of 
equivalent quantities of barium hydroxide and zinc sulphate. Sugar was 
determined according to the Nelson modification of the Somogyi method (9), 
inorganic phosphorus according to Fiske and SubbaRow (5), and lactic acid 
according to the method of Barker and Summerson (2). When the free glu- 
cose content of the diaphragm was to be measured, the diaphragms were 
washed for 15 seconds in ice-cold, glucose-free, Krebs-Henseleit medium, 
then immediately frozen on dry ice. They were put in hot, 30% ethanol, 
blotted on filter paper, and homogenized in a mortar with sand in 4 ml of ice- 
cold Stadie buffer (10). After centrifuging, a 1-ml aliquot was taken from the 
supernatant for glucose determination. To another 2 ml of the supernatant, 
1 ml of glucose oxidase (Sigma) solution was added (containing 1.5 mg of 
enzyme/ml). This mixture was incubated at 37° C for 1 hour in the Dubnoff 
shaker. After the incubation, the amount of reducing agent in the mixture 
was determined as before. The difference between the two determinations 
was taken as the glucose content of the diaphragm. 

Alloxan diabetes was produced by the intravenous administration of 
50 mg/kg of alloxan. The animals were used 15 days after the injection. 
Only the animals exhibiting constant glycosuria, polyuria, and hyperglycemia 
(fasting blood sugar level more than 250 mg%) were regarded as diabetic. 


Results 


Statistical Procedures. In Tables I and IV, an analysis of variance was 
performed. To set forth a complete table with all measured values would be 
lengthy, so it was decided to show only means, numbers of observations, 
estimates of pooled standard deviations, and p values. In the other tables, 
standard deviations are given, following the mean values and where possible, 
values were paired, and ¢ tests were run on the differences. In other cases, 
when a value was missing, paired values could not be used, and the analysis 
was done on the differences between the means. 

The results of the first series of experiments, in which DBI concentrations 
of 0.5 mg/ml or 1.0 mg/ml were used, are shown in Table I. The data clearly 
show that DBI increases glucose uptake, increases glycogen breakdown, and 
increases the production of lactate and inorganic phosphate. 

The difference between the basal glucose uptakes of the two groups is due 
partly to the difference between the weight of the animals and to seasonal 
variation. It was striking to observe that the DBI-treated tissue, in spite of 
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the greater glucose uptake, contained less glycogen than did the control. 
Actually, under our experimental conditions at 200 mg/100 ml glucose con- 
centration, the control diaphragms deposited glycogen, while the glycogen 
content in the presence of DBI decreased below the initial value. The almost 
doubled lactic acid output in the presence of 0.5 mg of DBI per ml gives some 
information about the metabolic fate of the glucose taken up by the diaphragm. 
The greater inorganic phosphate output of the DBlI-treated diaphragms 
(borderline significance) suggests that increased glucose uptake is not accom- 
panied by the formation of phosphate esters. 


TABLE I 
Effect of DBI in medium upon isolated diaphragm from normal fasted rat 


Significance of 


Control N DBI N difference 
Initial glycogen a 230.5 6 
(mg/100 g) b 203 6 
Glycogen concentration a 326 6 211 6 < .01 
after incubation b 255 6 103 6 oot mean square 
(mg/100 g tissue) error = 68.3 
Glucose uptake a 6.20 6 7.21 6 nearly 0.01 
(mg glucose/g/hr) b 3.60 10 4.70 10 oot mean square 
error = 1.10 
Phosphorus output a 0.48 6 0.63 6 = .05 
(mg/g/hr) b 0.55 6 0.63 6 oot mean square 
error = 0.126 
Lactate output a 1.83 6 3.49 6 < .05 
(mg/g/hr) b oot mean square 
error = 0.852 


, Bn ec concentration of 200 mg%. Row a: DBI concentration 0.5 mg/ml. Row b: DBI concentration 
mg/ml. 


Table II shows the effect of DBI in a concentration of 1 mg/ml on the 
diaphragm from alloxan diabetic rats. The average blood sugar level of these 
rats was 339+23 mg/100 ml after 16 hours of fasting. DBI significantly 
increases the inorganic phosphate output, and significantly decreases the final 
glycogen concentration in the isolated diaphragm. The effects on glucose 
uptake and lactate output are not statistically significant, but in view of the 
similar results obtained with tissues from normal animals, it seems reasonable 
to assume that the trend shown here is probably correct. 

As seen in Table III, DBI causes a significant increase in the uptake of 
fructose by the rat diaphragm. In these experiments, the fructose concentra- 
tion of the incubation medium was 200 mg/100 ml and there was no glucose 
in the medium. The fructose uptake was considerably smaller than the glu- 
cose uptake, and the glycogen content of the diaphragm decreased even in the 
control diaphragms, indicating that fructose is a less efficient glycogen pre- 
cursor for the muscle than is glucose. The glycogen loss in a DBI-treated 
diaphragm is probably greater than the loss in the control diaphragm. The 
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TABLE II 
Effect of DBI in medium upon isolated diaphragm from alloxan diabetic rat 
Control N DBI N Significance 
Glycogen concentration 
after incubation 254 + 52 4 pb = 0.05 
(mg/100 g tissue) +120 +28 
Glucose uptake 3.64 5 6.17 5 p> .05 
(mg glucose/g/hr) +1.57 +3.00 
Phosphorus output 0.45 0.73 5 p< .025 
(mg/g/hr) +0.09 +0.16 
Lactate output 2.78 4 p< .05 
(mg/g/hr) 1.44 1.10 


Note: Glucose concentration 200 mg%. Rat fasted 16 hours before sacrifice. Average blood sugar 339 mg%. 
Average initial glycogen level 134 mg/100 g. 


inorganic phosphate output is of the same magnitude as in the glucose experi- 
ment, but DBI causes no statistically significant increase. 


TABLE III 


Effect of DBI in medium upon isolated rat diaphragm incubated in 
fructose-containing medium 


Control N DBI N Significance 
Initial glycogen 216 
(mg/100 g) 
Final glycogen 86 4 31 4 p< .0l 
(mg/100 g of tissue) +24 +16 
Fructose uptake 1.58 4 2.50 4 p< .0l 
(mg/g/hr) +0.84 +0.54 
Phosphate output 0.435 4 0.653 4 No significant 
(mg/g/hr) +0.26 +0.03 difference 


Note: Fructose concn. 200 mg%. DBI concentration 1 mg/ml. Diaphragms taken from fasted animals. 


Table IV shows the effect of DBI in a sugar-free medium. Both fed animals 
and animals which had been fasted for 24 hours were used. From the data 
it can be seen that, after a 1-hour incubation, the glycogen content of the 
muscle decreased to one-fifth of the original value in the control diaphragm, 
while it fell to 1/10th of the original value in the test diaphragm. This obser- 
vation clearly shows that DBI increases glycogen breakdown in the muscle. 
The lactate output of the control diaphragms was of the same magnitude in 
both fed and fasted animals, but we noted a significantly increased lactate 
production by the DBI-treated diaphragms only in the fed group. The effect 
on inorganic phosphate output was not significantly altered by DBI. 

In Table V the effect of DBI upon the free sugar content of the isolated 
diaphragm is shown. In these experiments we used heparinized dog plasma 
as the incubation medium. The glucose concentration was adjusted to 2000 
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TABLE IV 


Effect of DBI in medium lacking both phosphate and sugar on 
isolated rat diaphragm 
(DBI concentration 1 mg/ml) 


Control N DBI N Significance 
Final glycogen 
(as mg per 100 g) 
From fasted rats 46 5 20 5 less than 0.01 
From fed rats 84 5 37 4 oot error mean 
square = 25.1 
Phosphate output 
(mg/g/hr) 
From fasted rats 1.52 5 1.86 4 No significant difference 
From fed rats 1.55 5 1.63 4 Root error mean 


square = 0.489 
Lactate output 
(mg/g/hr) 
From fasted rats 0.44 4 0.40 5 No significant difference* 
From fed rats 0.39 4 0.50 4 p > 0.025* 


* When results sue pee, there was a significant interaction between the effects of treatment and of feeding. 
Separate statistical yses were therefore performed on results from “‘fed'’ and from ‘“‘fasted"’ rats. 


mg/100 ml by the addition of glucose. Tissues were incubated for 30 minutes. 
As the results show, DBI actually decreased the free glucose content of the 
diaphragm. The magnitude of this effect is highly significant. We regard 
this finding as important because it clearly shows that the action of DBI is 
different from the action of insulin. Though our experimental arrangement 
was somewhat different from that used by Park e¢ al. (8), our findings suggested 
a positive insulin effect upon the free glucose content of the diaphragm. 


TABLE V 
Effect of DBI and insulin on free glucose content of diaphragm 

Control Insulin N 

5.81 6.21 3 No significant difference, 
+0.31 +0.02 on small number of experiments 
Control DBI N 

6.22 5.20 7 p < 0.025 
+0.50 +0.48 


Note: Heparinized dog plasma with glucose added to 2000 mg% used as incubation medium. All values 
expressed as mg glucose/g tissue. 


Discussion 


The results demonstrate that, although DBI increases the glucose uptake of 
the isolated rat diaphragm, its mode of action differs from that of insulin and 
its action does not depend upon the presence of insulin. This latter statement 
is supported by the fact that it is effective in vivo in alloxan diabetic animals 
(13) and in tissues taken from such animals. The former statement is based 
on the following findings: firstly, DBI decreases the glycogen content of the 
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diaphragm in the presence of substrate. This effect has been shown by 
Williams et al. (15) and, according to our data, the effect does not require the 
presence of glucose — the glycogen content is decreased even in the absence 
of substrate. We interpret this to mean that DBI increases the rate of 
glycogen breakdown, and this is supported by the fact that DBI increases 
lactic acid production. This confirms the findings of Tyberghein and Williams 
(11). DBI has been shown to inhibit the electron transport system between 
succinic dehydrogenase and reduced cytochrome c (14). The effect of DBI 
in increasing glucose uptake, glycogen breakdown, and lactate production and 
in decreasing oxygen uptake is similar to the effect of barbiturates reported 
by Haft and Mirsky (7). 

A second way in which DBI differs from insulin is in its effect upon inorganic 
phosphate. Insulin decreases phosphate loss from the muscle to the medium, 
whereas with DBI the amount of inorganic phosphate produced by the muscle 
is increased over that seen in controls. We have done no experiments to find 
the source of this extra phosphate, but it would appear unlikely that it comes 
from esters of the Embden—Meyerhof chain, since the normal path of break- 
down of these esters would be interrupted and lactic acid production would 
be decreased, rather than increased. 
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THE INTERCONVERSION OF GLYCINE AND SERINE IN ZEA MAYS! 
A. H. W. HauscuHILp? 


Abstract 


Glycine and formaldehyde are converted into serine in the presence of a 
dialyzed, lyophilized enzyme preparation from corn seedlings, with tetrahydrop- 
teroylglutamic acid and pyridoxal phosphate as coenzymes. The equilibrium 
constant of the reaction was calculated for the system at 37.5° C as K =3.1 X10'. 
The pH activity curve showed a maximum between 6.6 and 7.0. The effects of 
the concentrations of the coenzymes were studied. The glycine-serine inter- 
converting enzyme is present throughout the seedling and occurs exclusively in 
the soluble fraction of the cells. 


Introduction 


Glycine and serine are known to be synthesized in plants from common 
precursors. They are among the major products derived from glycolic and 
glyoxylic acid in wheat and barley leaves (1), from pyruvic acid in tobacco 
leaves (2), in leaves of sugar beet and other species, and in Scenedesmus (3). 
The findings of Racuson (4) indicate that they might be formed in successive 
rather than in parallel reactions, one amino acid being converted into the 
other. Such an interconverting reaction for glycine and serine is known to 
occur in animals and microorganisms, and its mechanism has been well estab- 
lished by several investigators (5, 6, 7, 8,9, 10,11). The present paper deals 
with the relation between serine and glycine in plant tissues. 


Techniques 

Enzyme Source 

All enzymes were obtained from seedlings of Zea mays L. var. Golden 
Rocket. In early experiments the seeds were soaked in running tap water 
for 90 minutes, sterilized in dilute hypochlorite solution (Javex, diluted 1:2 in 
water) for 45 minutes to reduce fungal contamination, rinsed thoroughly with 
sterile distilled water, set out about the periphery of 15-cm Petri dishes, 
30-35 in each, embryos upwards and the radicles pointed towards the center 
(12), and kept at 26 + 2° C for about three days in darkness. Radicles and 
shoot tips, both 1-1.5 cm from the end, were used for enzyme preparations. 
In later experiments the seedlings were grown in sterilized vermiculite in 
darkness at 26-28° C for 4 days. They were cut before the coleoptiles had 


broken through and only shoot parts, containing coleoptile, shoot apex, and 
leaves were used. 


Enzyme Preparation 


The plant material was finely chopped and homogenized in 0.05 M sodium 
phosphate buffer, pH 7.2, in a glass homogenizer of the Potter-Elvehjem type 


1Manuscript received in original form July 21, 1958, and, as revised, April 4, 1959. 
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at 0° C. The proportion of tissue to medium was 1:1 w/v. In the studies 
on the intracellular localization of enzymes the treatment was different and 
will be described later. The homogenate was centrifuged at 500Xg for 
10 minutes. The precipitate, consisting mainly of cell wall material, un- 
broken cells, and nuclei, showed no measurable activity and was discarded. 
The supernatant was treated with Dowex-1 resin (3 g per 8 ml of preparation) 
for 20 minutes at 0° C (9) and recentrifuged at 500g for 10 minutes. The 
Dowex-1 treatment was used originally to remove traces of tetrahydrofolic 
acid and then maintained as a standard procedure since it was found that it 
resulted in a clearer separation of the amino acids on the paper chromato- 
grams. The Dowex-treated supernatant was dialyzed in running tap water, 
usually at 6-8° C for 24 hours. In most experiments the preparation was 
lyophilized and stored at —20° C. A preparation stored for 3 months re- 
mained highly active. 


Coenzymes 

THFA (tetrahydrofolic acid; tetrahydropteroylglutamic acid) was syn- 
thesized in a modified microhydrogenation apparatus after Smith (13); 
pyridoxalphosphate was purchased from the Nutritional Biochemicals Com- 
pany, Cleveland. 


Enzyme Reactions 

Enzyme reactions were carried out in Warburg flasks at 37.5°C. Enzyme 
preparation and coenzymes were placed in the main compartment, substrates 
in the side arm. Before the enzyme reaction was started the flasks were 
flushed with nitrogen for 20 minutes. To stop the reaction the flasks were 
placed in boiling water for 2 minutes, with a glass sphere placed in the neck of 
each flask. 


Amino Acid Assay 

Coagulated protein was removed from the heated reaction mixture by 
centrifugation and 2 ml of the supernatant taken for amino acid assay. To 
obtain the minimal amino acid concentration of 10 zmoles per ml this was 
evaporated to dryness in vacuum and taken up in 0.2 ml of distilled water. 
The solution was then applied to Whatman No. 3 filter paper and the serine 
and glycine were determined quantitatively by paper chromatography accord- 
ing to the method of Connell e¢ al. (14), but separated with a solvent consist- 
ing of 93% phenol and 7% (w/v) borate buffer solution, the solution being 
prepared by titrating a solution of boric acid (0.06 M) and NaCl (0.10 M) 
with concentrated sodium hydroxide to pH 10 (15). 

The manometric method of Blakley (7) was used to follow the formation 
of serine in preliminary experiments. It was abandoned later in favor of the 
chromatographic method described above which, although more time con- 
suming. was considered to be more specific and more accurate. 
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Results 


Presence of the Interconverting Enzyme in Corn Seedlings and Its Cofactor 
Requirement 

In preliminary studies a dialyzed, lyophilized enzyme preparation from root 
and shoot tissues was used. It was found that serine is synthesized in vitro 
in the presence of this enzyme with THFA, glycine, and formaldehyde. If 
the formaldehyde was replaced by formate, a slower formation of serine 
occurred. According to Fig. 1 the serine synthesis appears to be g@itiated 
without a lag phase, the reaction approaching zero order in the initial stages. 
In another exploratory experiment, in which glycine and formaldehyde were 
replaced by serine as a substrate, it was found that the reaction is reversible. 
The reversibility of the reaction is also demonstrated in Table II. 


20- 


SERINE (O) , GLYCINE (@) ; ~MOLES / SAMPLE 


fe) 1 i 
60 120 180 240 300 


TIME IN MINUTES 


Fic. 1. Conversion of glycine to serine. Three milliliters of the reaction mixtures 
contained: 28 mg lyophilized enzyme preparation, 30 umoles glycine, 20 umoles CH:0, 
2 umoles THFA, 150 umoles sodium phosphate; pH 7.2. 
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It is known that in many enzymic reactions with amino acids as substrates 
pyridoxal phosphate is required as a coenzyme (16). This substrate generally 
remains in enzyme preparations even after long periods of dialysis. To 
investigate the effect of pyridoxalphosphate on the glycine—-serine interconver- 
sion a homogenate obtained from shoot parts of corn seedlings was dialyzed 
against a solution of 1.25X10-* M semicarbazide, adjusted to pH 7.3 with 
phosphate buffer, for 5 hours to trap the pyridoxal phosphate, then against 
tap water for another 5 hours at 12° C. 

In the presence of this dialyzate with glycine, formaldehyde, and THFA 
alone, no serine synthesis occurred. However, synthesis was initiated after 
the addition of pyridoxal phosphate, which therefore could be recognized as 
the second coenzyme required in this particular reaction. 


Effect of the Concentrations of Coenzymes 

The amount of coenzyme required per standard amount of enzyme prepara- 
tion to cause maximum activity provides information about the affinity 
between enzyme and coenzyme. Figure 2 and Table I show the amount of 
THFA and pyridoxal phosphate required for maximum activity in the pre- 
sence of 20 mg of a dialyzed, lyophilized enzyme preparation obtained from 
shoot tissues. In the early stage of or prior to the reaction 0.25 pmoles 
THFA were inactivated (Fig. 2), probably through oxidation under incom- 
pletely anaerobic conditions, and should be deducted from the amount origin- 
ally present. The high requirement of 1.75 to 2.0 umoles THFA for the 
saturation of its enzyme in only 20 mg of a crude preparation indicates a 
relatively low affinity between enzyme and coenzyme. This should be ex- 
pected since THFA is freely separable from the enzyme by dialysis. On the 
other hand, pyridoxal phosphate is not readily dialyzed from the enzyme 
preparation indicating a relatively high affinity between enzyme and co- 
enzyme. This is substantiated by the requirement of only 0.2 or less moles 
of pyridoxal phosphate per 20 mg of a crude preparation (Table I). 


TABLE I 
Quantitative requirement of pyridoxal phosphate 
Pyridoxal phosphate Serine synthesis 
(umoles/sample) (umoles/sample) 
0 0 
0.2 11.0 
0.4 11.6 
0.7 14.2 
1.0 1.3 


Note: Three milliliters of the reaction mixtures contained: 20 mg 
enzyme preparation, dialyzed against semicarbazide for 5 hours, against 
tap water for 6 hours, and lyophilized; 30 ymoles glycine, 20 umoles 
CH:0, 2 wmoles THFA, 150 ymoles sodium phosphate. pH 6.9. 
Time: 60 minutes. 


Effect of pH 
The pH activity curve was determined for a dialyzed, Dowex-1 treated and 
lyophilized enzyme preparation obtained from shoot tissues of seedlings grown 
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Fic. 2. Quantitative requirement of THFA. The reaction samples (3 ml) contained: 
20 mg lyophilized enzyme preparation, 30 wmoles glycine, 20 umoles CH:O, 150 umoles 
sodium phosphate, varying concentrations of THFA;pH 7.2. Time of reaction: 60 minutes. 


in vermiculite. Maximum activity was found in the pH range between 6.6 
and 7.0 (Fig. 3). It is noted that the results presented in Figs. 1 and 2 were 
obtained using a pH of 7.2. These experiments were done before the pH 
optimum had been established. 


Equilibrium Constant 

Glycine, serine, and formaldehyde were incubated with 0.8 umoles THFA 
and 12.6 g enzyme preparation at pH 6.8 and 37.5° C. The experiments were 
carried out with three different initial levels of substrate. Successive sam- 
plings showed that in all experiments the reaction reached an equilibrium within 
7 hours. The initial and final substrate concentrations are shown in Table II. 
The concentration of the formaldehyde was calculated from the rise or decline 
in glycine content. 


TABLE II 
Equilibrium constant 
Initial concn. (umoles/ml) Final concn. (umoles/ml) 
Glycine Formaldehyde Serine Glycine Serine K 
0.83 0.83 10 1.74 8.89 2.93 X10 
1.67 1.67 10 1.72 9.53 3.22 X10# 


3.33 3.33 10 1.86 11.20 3.24108 
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SERINE ; pMOLES / SAMPLE 


60 65 75 8-0 


pH 
Fic. 3. - activity curve. Three milliliters of the reaction mixtures contained: 10mg 
lyophilized enzyme preparation, 30 umoles glycine, 20 umoles CH:0, 2 umoles THFA, 
240 umoles sodium phosphate. Time of reaction: 40 minutes. 


For the over-all reaction 
CH.(NH2)COOH+CH,.0 = CH.(OH)—CH(NH.)—COOH. 
The equilibrium constant K =(Ser.)/(Glyc.) X(CH:O) is calculated as K = 
3.110% (Table II) and the standard free energy change as AF° = —4.96 
kcal/mole. 


Enzyme Distribution and Intracellular Localization 

The experiments on the distribution of the enzyme within the seedling as a 
whole were qualitative and showed that the enzyme is abundant in shoot 
tissues as well as in root tissues. 

To determine the intracellular localization of the enzyme, the cell com- 
ponents were separated in the gravitational field into four fractions: the 
‘nuclear’, ‘mitochondrial’, ‘microsomal’, and ‘soluble’ fraction. From homo- 
genates of shoot tissues in a solution cf 0.33 M sucrose and 0.005 M phosphate, 
pH 7.0, the nuclei were sedimented at 600 Xg for 10 minutes, the mitochondria 
at 15000 Xg for 12 minutes, the microsomes at 105,000 Xg for 60 minutes. All 
fractions and control samples were dialyzed and made up to the volume of the 
soluble fraction. The activities of the fractions are shown in Table III. In 
A they are average values from two experiments. 

From the distribution of activities we can conclude that the glycine—-serine 
interconverting enzyme is located exclusively in the soluble fraction. This 
conclusion is substantiated by the distinct difference in activity in the un- 
washed and washed preparations containing mitochondria. 
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TABLE III 
Activities of the cell fractions 


Activity, 


Preparation Serine (umoles/sample) % of activity of complete homog. 
A. Complete homogenate 2.80 100 
Nuclei uw 0 0 
w 0 0 
Mitochondria uw 0.26 9 
w 0 0 
Microsomes uw 0 0 
w 0 0 
Soluble fraction 2.71 97 
B. Complete homogenate 8.74 100 
Nuclei, mitochondria uw 0.71 8 
+ microsomes w 0 0 
Soluble fraction 7.79 89 


Note: The reaction samples (3 ml) contained: 2.0 ml dialyzate, 30 umoles glycine, 25 uwmoles CH:20, 2 uwmoles 
THFA, 60 umoles sodium phosphate. pH 7.0. Time: 90 minutes. 
uw = hed; w = hed preparation. 


Discussion 


It appears that glycine and formaldehyde are converted directly into serine. 
Also, it appears that this reaction is reversible. The participation of THFA 
and pyridoxal phosphate in this reaction indicates that all substrates are 
bound by coenzymes. According to Kisliuk (17) formaldehyde is bound 
rapidly and non-enzymatically by 5,6,7,8-tetrahydropteroylglutamic acid, 
presumably in positions 5 and 10. Blakley (7) demonstrated the formation 
of a Schiff’s base between pyridoxal phosphate and glycine. The non- 
enzymic Schiff’s base formation between pyridoxal phosphate and amino acids 
was also found by Metzler and co-workers (16, 18). 

It has been shown that glycine and serine are formed rapidly after initiation 
of photosynthesis (3, 4). It may be that one of the two amino acids is formed 
prior to the other one and serves as its precursor via the above reaction. On 
the assumption that the enzyme deamination of serine to pyruvate (19) is a 
reversible process Towers and Mortimer (3) have suggested a metabolic path- 
way leading from pyruvate first to serine and then to glycine. However, the 
findings of Metzler and Snell (20) indicate that the conversion of serine to 
pyruvate is irreversible; and in our own experiments no formation of serine to 
pyruvate could be detected when a crude enzyme preparation was incubated 
with MgSO,, (NH4)2SO,, and sodium pyruvate. 

It is probable that the biochemical significance of the interconverting 
reaction is not exhausted with the biosynthesis of the amino acids involved. 
In animal tissues the @ carbon of serine has been found to be transferred into 
the methyl group of methionine (21, 22); it is incorporated into positions 2 and 
8 of purines and the methyl group of thymine (23), and corresponds to the 
imidazole-2-carbon of histidine (24), which also is formed from formate (25). 
In all syntheses of the above compounds a member of the folic acid group is 
known to function as a C;-transferring agent (26, 27, 28, 29, 30). However, 


- 
> 


894 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 37, 1959 


the close relation between the glycine—serine interconversion and the transfer 
of C,-compounds has not as yet been established for the metabolism of plants. 


Acknowledgments 


This work has been carried out with the financial support of the Ontario 
Research Foundation, which is gratefully acknowledged. 


I wish to express my sincere thanks and appreciation to Professor G. H. 


Duff for his continuous interest and inspiration during the entire course of 
this study. 


References 


ToLBeERT, N. E. and Conan, M.S. J. Biol. Chem. 204, 649 (1953). 
NEWBURGH, R. W. and Burris, R. H. Arch. Biochem. Biophys. 49, 98 (1954). 
Towers, G. H. N. and MortTIMER, D.C. Can. J. Biochem. and Physiol. 34, 511 (1956). 
RACcUSON, D. W. Ph. D. thesis. Iowa State College, Ames, Iowa. 
ALEXANDER, N. and GREENBERG, D. M. J. Biol. Chem. 214, 821 (1955). 
BLAKLEY, R. L. Biochem. J. 65, 342 (1957). 
BLAKLEY, R. L. Biochem. J. 61, 315 (1955). 
BLAKLEY, R.L. Biochem. J. 58, 448 (1954). 
HvuENNEKENS, F. M., Hateri, Y., and Kay, D. L. J. Biol. Chem. 224, 435 (1957). 
10. Kistiux, R. L. and Sakami, W. J. Biol. Chem. 214, 47 (1955). 
11. LAScELLEs, J. and Woops, D. D. Biochem. J. 58, 486 (1954). 
12. Coox, F.S. Ph. D. thesis. Dept. of Botany, University of Toronto. 1956. 
13. SmitH, J. H.C. J. Biol. Chem. 96, 35 (1932). 
14. CoNnNELL, G. E., Dixon, G. H., and Hanes, C. S. Can. J. Biochem. and Physiol. 33, 
416 (1955). 
15. Hanes, C.S. Personal communication. 
16. MetTz_er, D. E., Ikawa, M., and SNELL, E. E. J. Am. Chem. Soc. 76, 648 (1954). 
17. Kistrux, R.L. J. Biol. Chem. 227, 805 (1957). 
METZLER, D. E. and SNELL, E. E. J. Biol. Chem. 198, 353 (1952). 
19. CHaARGAFF, E. and Sprinson, D. B. J. Biol. Chem. 148, 249 (1943). 
20. MeEtTzLER, D. E. and SNELL, E. E. J. Biol. Chem. 198, 363 (1952). 
21. ARNSTEIN, H. R. V. and NEUBERGER, A. Biochem. J. 55, 259 (1953). 
22. Nakao, A. and GREENBERG, D.M. J. Biol. Chem. 230, 603 (1958). 
23. Etwyn, D. and Sprinson, D. B. J. Biol. Chem. 207, 467 (1954). 
24. Sprinson, D. B. and RITTENBERG, D. J. Biol. Chem. 198, 655 (1952). 
25. Levy, L. and Coon, M. J. J. Biol. Chem. 192, 807 (1951). 
26. BUCHANAN, J. M. and ScHutmMan, M. P. J. Biol. Chem. 202, 241 (1953). 
Doctor, V. M. and AwapaRA, J. J. Biol. Chem. 220, 161 (1956). 
28. ELwyn, 'D., WEISSBACH, A., HENRY, S. S., and SPRINSON, D.B. J. Biol. Chem. 213, 
281 (1955). 
29. GREENBERG, G. R. Federation Proc. 13, 745 (1954). 
30. Raven, H. M. Biochem. Z. 328, 562 (1957). 


895 


INHIBITION OF THE ESTERATIC ACTIVITY OF 
THROMBIN BY SARIN AND TABUN' 


J. SuHusTER, J. F. Scare, AND G. A. GRANT 


Abstract 


Isopropyl methylphosphonofluoridate (sarin) and ethyl N,N-dimethylphos- 
phoramidocyanidate (tabun) have been found to inhibit the esteratic activity of 
thrombin towards the substrate p-toluenesulphonyl-L-arginine methyl ester. 
The rate of inhibition is markedly dependent on pH and is greatest in alkaline 
solutions. At pH 7.8 and 25° C, the specific rate for inhibition by tabun at a 
concentration of 6.17 X10-* M is 0.0271 minutes“ and for sarin at a concen- 
tration of 7.15X10-> M it is 0.0232 minutes. Thrombin which is completely 
inhibited by sarin could not be reactivated by use of oximes at pH 9 and con- 
centrations of 0.02 M. 


Introduction 


The proposed treatment of anticholinesterase poisoning employing oximes 
and atropine is aimed at the concomitant reversal of the inhibited cholines- 
terase and the counteraction of the physiological activity of acetyl choline. 
However, in cases of severe poisoning of animals side effects not afiected by 
this treatment may be important for their survival. It has been shown for 
example that trypsin, chymotrypsin, red-cell cholinesterase, serum cholin- 
esterase, and liver ali-esterase can be inhibited by organophosphorus com- 
pounds (1, 2). Recently too (3), it has been shown that thrombin possesses 
an esteratic site capable of hydrolyzing p-toluenesulphonyl-L-arginine methyl 
ester (TAME), and that this esteratic activity can be blocked by diisopropyl 
phosphonofluoridate (DFP) (4). A good correlation between the esteratic 
activity of thrombin and its blood-clotting activity has been demonstrated 
when the enzyme was progressively inhibited by DFP (4). It was therefore 
decided to determine the potency of other inhibitors such as isopropyl methyl- 
phosphonofluoridate (sarin) and ethyl N,N-dimethylphosphoramidocyanidate 
(tabun) and to see if inhibited thrombin could be reactivated by oximes. 


Method and Materials 


Sarin and tabun were prepared in this laboratory and were at least 95% 
pure. Aqueous solutions were made up by volume immediately prior to use. 

The thrombin used was a Parke, Davis lyophilized preparation for topical 
administration. Each sample contained 5000 NIH* units and was dissolved 
in water immediately prior to use. The esterase activity of thrombin was 
determined in 0.05 M tris(hydroxymethyl)aminomethane adjusted to pH 9.0 
with N hydrochloric acid. 

The buffer solutions employed in the inhibition studies were as follows: 
potassium dihydrogen phosphate, 0.05 M — potassium chloride, 0.05 M ad- 
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justed with NV sodium hydroxide to cover the pH range 6-8; sodium barbital, 
0.05 M — potassium chloride, 0.05 M adjusted with N hydrochloric acid to 
cover the pH range 8-9.20; boric acid, 0.05 M — potassium chloride, 0.05 M, 
adjusted with N sodium hydroxide to cover the pH range 8-9. 

The oximes, pyridine 2-aldoxime methiodide (2-PAM) and monoisonitroso- 
acetone (MINA), were prepared in this laboratory. The quaternary oximes, 
1,1’-trimethylenebis (4-hydroximinomethyl pyridinium) bromide (I) and 
1-(3-triethylaminopropy])-4-hydroximinomethyl pyridinium dibromide (II), 
were obtained from the U.S. Army Chemical Centre, Edgewood, Md. 

Inhibition of the esterase activity of thrombin was measured by the follow- 
ing procedure: 0.6 ml of buffer solution and 0.3 ml of a solution containing 
75 NIH units of thrombin were mixed in a 20-ml beaker and equilibrated in a 
Dubnoff metabolic shaker at 25° C. One-tenth milliliter of the inhibitor 
solution was then added to the beaker and the mixture incubated for the desired 
period of time. 

The residual esterase activity was determined as follows: a 0.1-ml aliquot 
was immediately transferred to another beaker in the Dubnoff shaker, con- 
taining 0.7 ml of tris buffer and 0.2 ml of 0.2 4 TAME solution. This con- 
centration of substrate was shown to stop effectively further inhibition of the 
esterase activity. After 30 minutes at 25° C the hydrolysis reaction was 
stopped by the addition to each beaker of 1 ml of a 40% solution of formal- 
dehyde, adjusted to pH 8 with sodium hydroxide. The solutions were then 
titrated with 0.025 N sodium hydroxide using phenol red as an indicator (3). 

Inhibited thrombin samples were prepared by adding 0.3 ml of a solution 
containing sarin at 2 mg/ml to a mixture of 1.8 ml of M/15 phosphate buffer 
at pH 7.7, and 0.9 ml of a solution containing 250 units of thrombin. After 
1 hour at 25° C the excess sarin was removed by dialysis against water at 
+2°C. The solution was considered to be free from excess sarin when it did 
not reduce the esterase activity of an uninhibited sample of thrombin, when 
equal volumes were incubated together for 1 hour at 25° C. To reduce the 
possibility of the inhibited thrombin reverting to a non-reactivatable form, as 
occurs with cholinesterase (5), the solution was stored at +2° C prior to use. 

Reactivation of the inhibited thrombin with oximes was attempted in the 
following manner: to 0.7 ml of tris buffer containing the oxime and adjusted 
to pH 9.0 was added 0.1 ml of inhibited thrombin solution (7.5 units). The 
final concentration of oxime in this mixture was 0.02 M. After 1 hour at 
25° C the activity of the thrombin was estimated by the addition of 0.2 ml of 
0.2 M TAME solution, as outlined above. Control experiments showed that 
the oximes had no effect upon the activity of uninhibited thrombin. 


Results 


Sarin and tabun are fairly readily hydrolyzed in dilute aqueous solutions, 
especially under alkaline conditions. Consequently it was necessary to deter- 
mine whether appreciable destruction of inhibitor had occurred during the 
time of incubation of the thrombin and inhibitor. Preliminary experiments 


| 
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showed that at pH 7.8 in phosphate buffer, and at 25° C, the amount of 
destruction of either sarin or tabun was insufficient to alter the degree of 
inhibition of thrombin, significantly, when enzyme and inhibitor were in- 
cubated together for periods up to 1 hour. Except for the studies on the pH 
dependence of the inhibition of the esteratic activity of thrombin and the 
reactivation with oximes, other results in this work were obtained in buffers 
of pH 7.8. 

Initial experiments revealed that at pH 9.0, in tris buffer, 7.5 units of 
thrombin produced a maximum reaction velocity with concentrations of 
TAME in excess of 0.04 M. Using these concentrations of enzyme and 
substrate an incubation period of 30 minutes at 25° C was found to be sufficient 
to split approximately 60% of the substrate and so produce a titer of the order 
of 900 wl of 0.025 N sodium hydroxide. 

Solutions of increasing concentration of both sarin and tabun were incubated 
with 75 units of thrombin for 15 minutes as previously outlined, and the per 
cent inhibition determined. The results are shown in Fig. 1. 


100 


SARIN 


40F 


PERCENT INHIBITION 


TABUN 


2 3 4 > 
-LOG INHIBITOR CONCENTRATION 


Fic. 1. Inhibition of the esterase activity of thrombin by sarin and tabun at pH 7.8 and 
25° C. Effect of concentration. 


A detailed study of the kinetics of the inhibition reaction was not under- 
taken with the impure enzyme preparation available. By analogy with 
cholinesterase inhibition it would be expected that the reaction would follow 
pseudo first order kinetics, since the concentration of inhibitor is always in 
excess of that of the enzyme. Examination of the data showed that the 
progress of the ‘nhibition reaction did not follow pseudo first order kinetics. 
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However, the results have been expressed in the form of specific rates using the 
first order parameters defined by: 


2.303 100 

t 100—% inhibition 
and are given in Table I. When the concentration of thrombin is reduced 
from 75 units to 37.5 units, there is a small increase in the specific rate of the 


inhibition reaction. Also the specific rate is dependent on time, decreasing 
with the progress of the reaction. 


TABLE I 


Change of the specific rate during the course of the reaction of thrombin 
with sarin and tabun 


Time (min) 
10 15 20 30 40 50 60 
Thrombin 

(NIH units) ky (min=) 
Tabun 37.5 0.0321 0.0327 0.0296 0.0259 0.0222 0.0191 0.0166 
75 0.0271 0.0271 0.0253 0.0228 0.0204 0.0185 0.0160 
Sarin 27.5 0.0275 0.0278 0.0260 0.0238 0.0200 0.0179 0.0161 
75 0.0232 0.0233 0.0222 0.0206 0.0177 0.0157 0.0139 


Nore: Tabun, 6.171074 M. Sarin, 7.14X10-5 M. Phosphate buffer pH 7.8, 25° C. 
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Fic. 2. Effect of pH on the inhibition of the esterase activity of thrombin by sarin 
and tabun. Sarin: 7.14X10-! M. Tabun: 1.331073 M. 


The effect of pH on the inhibition of the esterase activity by both sarin and 
tabun was determined by incubating thrombin and inhibitor together in 
Initial experiments revealed that 


different buffers for 15-minute periods. 
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borate buffers interfered with the inhibition by both sarin and tabun. Con- 
sequently veronal buffers were used to cover the pH range 8-9.3. To minimize 
any variations which might be caused by alterations in ionic strength all buffers 
contained 0.05 M potassium chloride. The final pH of the mixture of buffer, 
thrombin, and inhibitor was determined experimentally. Figure 2 shows the 
effect of pH upon the inhibition of thrombin by sarin and tabun. 

The esterase activity of thrombin was not inhibited when incubated with 
0.01 M eserine for 15 minutes at 25° C in phosphate buffer at pH 7.8. 

Attempts to reactivate the esterase activity of sarin-inhibited thrombin 
with the compounds 2-PAM, MINA, (I), and (II), in concentrations up to 
0.02 M failed to produce any measurable reactivation over a period of 1 hour 
at 25° C in tris buffer of pH 9. The inhibited thrombin can be dialyzed with- 
out any return of the activity. 


Discussion 


The results of the inhibition studies with sarin and tabun clearly demon- 
strate that these compounds are good inhibitors of the esterase activity of 
thrombin. Moreover since the inhibited enzyme can be dialyzed without 
any recovery of the activity the inhibition probably is irreversible and com- 
parable to that produced by organophosphorus compounds on all other 
esterases so far studied (1). A comparison of the specific rates for the inhibi- 
tion at equal concentrations of inhibitors reveals that sarin reacts about 7.5 
times faster with thrombin than does tabun. These figures are comparable 
to the results obtained for the inhibition of the esterase activity of thrombin 
by DFP (4). First order kinetics were proposed for DFP inhibition of throm- 
bin by previous workers (6). The deviations noted in this work may be 
attributable to the fact that the enzyme used was not a purified preparation. 

Inhibition of the esterase activity is much faster in alkaline solutions for 
both sarin and tabun. Similar results were obtained for the pH dependence 
of DFP inhibition (4). No explanation is available as to why borate should 
interfere with the inhibition, but it is worth noting that the pH maximum 
for substrate hydrolysis by thrombin is markedly different in borate buffers 
(3). 

The lack of inhibition by eserine suggests that, unlike cholinesterase (7), 
there is no functional anionic site on thrombin. Eserine is a powerful rever- 
sible inhibitor of cholinesterase since it is bound electrostatically at the anionic 
site of the enzyme (8). 

A small measure of reactivation of DFP-inhibited thrombin by 0.6 M 
hydroxylamine has been reported (6). Unpublished investigations in this 
laboratory have shown that cholinesterase inhibited with sarin can be com- 
pletely reactivated with the oximes 2-PAM, I, and II, at concentrations of 
0.002 M under the conditions used in this work. It is thus obvious that, 
compared with cholinesterase, thrombin is not at all easily reactivated and 
hence resembles chymotrypsin in this respect (9, 10). 

It is generally assumed that the same sites on an enzyme are attacked by 
all organophosphorus inhibitors. The correlation noted between the esteratic 
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activity of thrombin and its clotting activity during progressive inhibition by 
DFP, should thus be equally valid for inhibition by sarin and tabun. It is 
thus possible that in cases of severe poisoning by these compounds, some effect 
upon blood clotting might become evident. 


rr 
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STUDIES OF PHLORIDZIN IN MALUS! 


A. Hutcuinson,? C. D. TAPER, AND G. H. N. Towers 


Abstract 


The phloridzin content of dormant terminal twigs of Malus rootstock clones 
was not related to the vigor imparted to the scions. In young seedling trees it 
varied with the nutritional status of the plant; an acute deficiency of nitrogen, 
sulphur, or calcium resulted in a significant increase in phloridzin accumulation. 
Phloridzin is synthesized readily in the leaf from CO, in the light and appears 
to be stable once formed. Phenylalanine-C™ and tyrosine-C™, when fed to leaf 
disks, are incorporated into the C.-C; moiety of phloridzin which includes ring B. 
Tyrosine is not as effective as phenylalanine. Acetate-C™ is incorporated into 
ring A. Phloroglucinol is not involved in the synthesis of phloridzin. A method 
for the ie determination of phloridzin is described, also a semimicro 
method for its alkaline hydrolysis. The large amounts of radioactive D-glucitol 
formed from a wide variety of precursor compounds indicate a central role for it 
in the carbohydrate metabolism of Malus. 


Introduction 


Phloridzin, the dihydrochalcone glucoside of Malus was first isolated from 
the root bark of the apple tree by De Koninck in 1835 (1). Unfortunately, 
reports have persisted ever since then that phloridzin is also found in other 
members of the Rosaceae, such as Pyrus, Prunus, Crataegus, Spiraea, and 
Amelanchier (2, 3, 4, 5, 6, 7). Although Harvey (8), using a microchemical 
test, found its presence strongly indicated in Prunus demissa (chokecherry), 
no other evidence has been presented to show that phloridzin exists in rosa- 
ceous plants other than Malus. In this genus it is found not only in the bark 
but also in the leaf (1, 9), seed (10), and perhaps the skin of the fruit (2). 

The seasonal variation of phloridzin was studied by Harvey (5), whose 
quantitative method was based upon calculation of the amount of reducing 
sugars released by acid hydrolysis of the water-soluble fraction of the shoot 
extract. The reliability of the method is open to question as it gave positive 
results for pear shoots which contain no phloridzin (11, 12). Increases in the 
accumulation of phloridzin in the roots of young apple trees under conditions 
of nitrogen deficiency have been reported (13, 14). The method of phloridzin 
isolation and spectrophotometric estimation developed in the course of this 
investigation, and reported herein, contributed materially to studies of the 
role of this compound in the metabolism of the apple plant. 

The fact that phloridzin accumulates in large amounts in various tissue of 
Malus (1, 9) prompted the present study of its metabolism and particularly its 
biogenesis. While this work was in progress, Grisebach (15), Neish and co- 
workers (16, 17), and Geissman and Swain (18) reported the results of bio- 
genetic studies on other flavonoids. Their findings, with the flavonoids 
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studied, parallel those of our own with phloridzin, in that the A ring of the 
molecule is readily formed from acetate units, whereas the C.-C; moiety, 
which includes the B ring, is formed more readily from phenylalanine and from 
tyrosine. 


Methods 


Quantitative Determination of Phloridzin 

Three grams fresh weight of twigs was cut into one-eighth inch pieces and 
dropped into 25 ml boiling 80% ethanol. After an hour’s extraction at about 
80° C, the ethanol was decanted. The chips were further extracted in a 
Soxhlet apparatus with 125 ml 80% ethanol for 12 hours. The two ethanol 
extracts were taken to dryness under an air jet at room temperature. The 
residues were dissolved in 10-ml aliquots of hot water on the steam bath. 
The hot aqueous solutions were filtered directly into one 50-ml volumetric 
flask and made to volume with hot-water washings of the residues. Two 
5-ml aliquots of the aqueous solution were transferred to Quickfit semimicro 
liquid-to-liquid extractors and extracted with reagent grade redistilled ethyl 
acetate for 3 hours. The ethyl acetate extract was made to 50 ml, and 1-ml 
aliquots were removed and diluted with ethyl acetate (50 ml) for spectrophoto- 
metric analysis. Optical densities were determined at 283 my using a Beck- 
man Model D.U. spectrophotometer and the phloridzin concentration was 
estimated by reference to a calibration curve prepared with purified phloridzin. 
Essentially the same method was used for leaf samples. The variability of 
the method between different samples possessing inherent variability was 
less than plus or minus 5%. 


Carbon-14 Techniques 

Carbon-14 was supplied to the plants or plant tissues either as carbon 
dioxide or as an organic compound such as phenylalanine. 

Leaf disks, obtained with a Ganong leaf punch, were suspended in tap 
water contained in a suction flask. The flask was stoppered and a vacuum 
carefully applied at the side-arm for a brief period. Upon release of the 
vacuum, water was drawn into the tissue. The disks were removed, blotted 
gently, and transferred to the radioactive solution. 

The fate of the C'*-labelled compounds in the living tissues was investigated 
by radioautography of paper chromatograms of plant extracts. The solvents 
employed in chromatography were water-saturated phenol for the first direc- 
tion followed by the upper phase of a 4:1:5 mixture of butanol:acetic acid and 
water. Phloridzin, phloretin, and other phenolic compounds were detected 
with either 0.1% ferric chloride, Ehrlich reagent, or fluorescence in ultraviolet 
light (e.g. chlorogenic acid). Phloridzin, phloretin, phlorin, phloroglucinol, 
and hydroxyphloridzin give a strong red color on heating a chromatogram 
which has been sprayed with Ehrlich reagent. Ultraviolet spectra were 
obtained for those phenolic compounds which were identified and compared 
with spectra obtained for authentic samples of these compounds. 
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Degradation of Phloridzin-C'* 

The procedure of Cremer and Seuffert (19) was modified for use with mil- 
ligram quantities of phloridzin. Phloridzin-C', eluted from chromatograms, 
was added to 2-5 mg of inactive phloridzin in 2 ml saturated Ba(OH), in a 
platinum crucible and the mixture hydrolyzed on the steam bath for 2 hours, 
water being added from time to time to maintain the volume. The reaction 
mixture, containing phloretic acid (p-hydroxyphenylpropionic acid) and 
phlorin (phloroglucinol-8-p-glucopyranoside), was allowed to cool, diluted to 
10 ml with water, and passed through a small bed of the ion-exchange resin, 
IR 120 (H*) to remove Ba++ ions. The effluent was reduced to a very small 
volume and chromatographed two-directionally with the usual solvents. 


Experiments and Results 


Isolation of Phloridzin 

Approximately one kilogram of shoots of Malus robusta No. 5 was harvested 
in mid-June and extracted twice with a total of 10 liters 80% ethanol. After 
each extraction, the supernatant liquid was poured off and the remaining 
liquid expressed in a hydraulic press at 2000 lb per square inch. The bulk 
of the ethanol was removed from the combined extracts by means of an air 
blast from a large fan. The aqueous solution remaining was heated and 
filtered hot. The cooled filtrate was extracted in a separatory funnel with 
petroleum ether, the ether extract being discarded. The aqueous solution 
was extracted continuously in a 500-ml liquid-liquid extractor with ethyl 
acetate for 18 hours. The ethyl acetate extract was evaporated under an air 
jet leaving a brown crystalline residue. This residue was washed with three 
small amounts of cold water, thus removing most of the quercetin compounds. 
The phloridzin residue was dissolved in 400 ml of warm water and extracted 
continuously for 12 hours with chloroform to remove phloretin. The aqueous 
solution was reduced in volume, the precipitated phloridzin filtered off, and 
again washed twice with small amounts of cold water. The crude phloridzin 
was dissolved in 375 ml of ethyl acetate; twice the volume of chloroform was 
added and the solution set aside for 36 hours until crystallization was complete. 
The phloridzin obtained (18.9 g) was recrystallized from hot water a number of 
times to give a product which melted at 120-122° C. Elemental analysis 
gave C 53.74, 53.58; H 5.98, 5.96; calculated C 53.39, H 5.93. 

Similarly, 90 g dry weight of M. robusta No. 5 roots yielded 9 g of phloridzin. 


Phloridzin in Relation to Rootstock Vigor 

The Malling apple rootstocks are distinct clones of Malus that have been 
classified according to the vigor which is imparted to the fruiting varieties 
grafted on them (20). However, the physiology of dwarfing in such apple 
trees has never been completely understood. Since glycosides are generally 
believed to be synthesized in regions of high metabolic activity in the plant, 
it was thought that there might be more phloridzin in the shoot tips of vigorous 
rootstock clones than in those of dwarfing clones. 
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Trees of three different vigor groups, dwarf Malling LX, vigorous Malling I, 
and very vigorous Malling XII, all 3 years old, were used. Four samples, 
two for dry weight determination and two for phloridzin analysis, were taken 
from five trees of each rootstock type. Each sample consisted of three dor- 
mant terminal twigs weighed on an analytical balance to 3.000 g. 

In Table I, the summary of the estimations of phloridzin in the shoots 
shows that the amounts of the glycoside in the dormant terminal twigs is not 


TABLE I 


Phloridzin content of dormant terminal twigs of three 3-year Malling rootstocks. 
. Results are based on duplicate sample, fresh weight 3.000 g from five trees of each rootstock 


Phloridzin content 


Dry wt. 


Clone Vigor rating (g) (mg/g fresh wt.) (mg/g dry wt.) 
Malling IX Very dwarfing 1.41 47.9 102 
Malling I Vigorous 1.33 47.6 107 
Malling XII Very vigorous 1.38 47.8 105 


related to the vigor which the rootstock is known to impart. The reliability 
of the method was reflected in the remarkable uniformity of results, especially 
in the original data (not shown). 


Phloridzin in Relation to Mineral Nutrition 

After germination, seedlings of Columbia crab apple were started off in 
Hoagland No. 1 complete nutrient solution, the cotyledons being excised on 
the ninth day. After 17 days, the seedlings were divided into seven lots of 
12 seedlings. Six lots were grown in six different solutions each lacking N, P, 
K, Ca, Mg, or Fe respectively. Twelve plants growing in a complete solution 
were left as controls. After a further 20 days, when symptoms of the respec- 
tive nutrient deficiencies were apparent in all but the controls, the seedlings 
were harvested. Paired samples of four seedlings each were weighed and 
analyzed, root and top separately, for phloridzin. The results shown in Table 


TABLE II 


Phloridzin content of Columbia crab apple seedlings grown in complete 
and in nutrient-deficient cultural solutions 


Phloridzin content (mg/g fresh wt.) 


Replicate 
Treatment I II Mean* 
Control 52 54 53 
Minus N 80 78 79 
Minus Ca 74 68 71 
Minus S 71 59 65 
Minus P 61 52 57 
Minus K 56 57 57 
Minus Mg 44 49 47 
Minus Fe 46 44 45 


* Standard error for comparing a treatment mean with the mean of the control, 5.53. 
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II indicate that nitrogen deficiency resulted in a significant increase in phlorid- 
zin accumulation, and suggest that this also occurred where calcium or sulphur 
was deficient. Although phloridzin accumulation is commonly reported to 
be more abundant in the root than in the top of even the young apple tree 
(11), there was two or three times more phloridzin on a fresh weight basis in 
the tops than in the roots of the 40-day-old seedlings. 


Phloridzin Synthesis after Photosynthetic Assimilation of C'O. 

Four seedlings of Antonovka apple, 2 months old, were allowed to photo- 
synthesize in a desiccator for 24 hours in the presence of 0.03% C'*Os. One 
seedling was harvested immediately, the others being transferred to a nutrient 
solution and harvested after 72 hours, 1 week, and 3 weeks. Each plant was 
divided into root, hypocotyl, cotyledons, leaves, and epicotyl and the parts 
analyzed separately. The plant material was extracted with hot 80% ethanol. 
The ethanol extract was dried by means of an air jet and the residue extracted 
from an aqueous solution with hot ethyl acetate. Paper chromatography of 
these extracts and radioautography of the chromatograms showed that 
radioactive phloridzin was largely confined to the leaves and the epicotyl. 
Traces of activity in phloridzin of the roots and hypocotyl! appeared only after 
1 week. 

Since the leaves appeared to be a site of synthesis of phloridzin and since 
leaf disks are more convenient in many respects than whole seedlings, leaf 
disks were used in order to determine whether phloridzin synthesis occurs 
readily in excised plant parts. Five disks were allowed to photosynthesize in 
CO, for 334 hours after which they were extracted as in above. The radio- 
activity in phloridzin accounted for 1% of the total activity in the 80% 
ethanol-soluble fraction. The bulk of the extract was chromatographed, 
phloridzin eluted with 95% ethanol, and its specific activity determined. The 
phloridzin was then hydrolyzed for 20 minutes with 1.5 N HCl on a steam 
bath, the mixture dried in a stream of air, and the residue taken up in a small 
quantity of ethanol for chromatography. Both glucose and phloretin were 
found to be radioactive on the chromatogram. The specific activity of the 
phloretin was determined after elution and the activity of the glucose calcz- 
lated from the determined activities of the phloridzin and phloretin. The 
specific activities were: phloridzin, 376 c.p.m./umole; phloretin, 172 c.p.m./ 
pemole; glucose, 204 c.p.m./umole. These results demonstrated that leaf disks 
are capable of synthesizing both the aglycone and the glucose moiety from 
CO, in a relatively short period. 


The Effect of a Further Light Period after Photosynthetic Assimilation of C'4O, 
on Phloridzin Synthesis in Leaf Disks 
Twenty-five leaf disks of the apple variety Kerr were allowed to photo- 
synthesize for 234 hours in the presence of 1 liter of approximately 0.03% 
CO, (60 uc). Five disks were removed, killed in boiling 80% ethanol, and 
extracted as before. Ten of the remaining disks were allowed to photo- 
synthesize for further periods in air. After 60 minutes, five of these were 


4 


906 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 37, 1959 


killed and extracted and after 24 hours, the remaining five disks were treated 
in the same way. The results of radioactivity determination made by count- 
ing of radioactive areas on paper chromatograms are shown in Table III. 
Table III shows that, in spite of a decline in radioactivity in the ethyl 
acetate extracts, there was little change in the activity of phloridzin 24 hours 


TABLE III 


Radioactivity in ethyl acetate extract and in phloridzin from apple leaf disks 
after photosynthesis in C“O, 


Total activity (c.p.m.*) 


Treatment Ethyl acetate extract Phloridzin 
(1) 234 hours C¥O; light 5,600 270 
(2) As in (1) plus 1 hour CO, in light 4,840 330 
(3) As in (1) plus 24 hours C”Osz in light 1,750 260 


* Radioactivity in counts per minute determined on paper chromatograms. 


after it had been synthesized in the leaf disks. Radioactive phloretin was not 
detected on the chromatograms. 


Formation of Phloridzin from Glucose-C'* in Leaf Disks 

Vacuum-infiltrated leaf disks of Malus robusta were placed in solutions of 
0.0022 M uniformly labelled p-glucose-C'*. A set of disks was kept in the 
dark and a second set in the light under a bank of fluorescent lights. After 
3% hours the disks were killed in boiling ethanol and the extracts chromato- 
graphed and radioautographs made from these. Although there was twice as 
much radioactivity in the ethanol extract of leaves fed in the light as compared 
with the extract obtained from leaves fed in the dark, not more than 1% of the 
activity was detected in phloridzin from either treatment. 


Effect on Phloridzin Synthesis of the Feeding of Glucose-C'4 Together with Possible 
Phloridzin Precursors 

Five leaf disks of the McIntosh variety were placed for 23 hours in the light 
in a solution consisting of 0.1 ml of 0.0022 M p-glucose-1-C™ (total activity 
1 yc) and 0.5 ml of a 0.01 M solution of a compound considered to be a possible 
precursor of phloridzin. The compounds tested were shikimic acid, phenyl- 
alanine, phenylpyruvic acid, tyrosine. The effect on the incorporation of 
glucose-1-C'* into phloridzin was determined by counting of radioactive areas 
on chromatograms of the extracts. The results given in Table IV indicate 
that phenylpyruvic acid causes an increased synthesis of phloridzin-C' from 
glucose-C', 


Formation of Phloridzin in Leaf Disks from Phenylalanine-C'* and 
Tyrosine-C'* 

Leaf disks from very young seedlings of Columbia crab apple were used. 
Paired leaf disks were taken from each of 12 seedlings making 12 disks for 
each treatment. The vacuum-infiltrated disks were placed in solutions of 
either 0.1 ml of 10% sucrose and 1.0 ml of 210-4 M uniformly labelled 
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TABLE IV 


Distribution of radioactivity in the 80% ethanol-soluble fraction of apple leaf disks 
fed with glucose-C" and possible phloridzin precursors 


Per cent of total radioactivity * 


Total 
Compound activity Malic 
fed (c.p.m.) Glucitol Sucrose Glucose acid Phloridzin 

G-1-C"f 19,100 70 22 2 4 1 
G-1-C* + shikimic 15,200 63 25 6 1 2 
G-1-C“ + .-phenylalanine 16,300 78 14 2 1 2 
G-1-C™ + L-tyrosine 14,700 70 16 5 3 3 
G-1-C" + phenylpyruvic 

acid 14,800 72 11 1 3 7 


*Radioactivity determinations made on chromatograms, 
+ Glucose-1-C¥, 
L-phenylalanine-C™ (equivalent to 2 uc) or 0.1 ml of 10% sucrose and 1.0 ml 
of 210-4 M uniformly labelled L-tyrosine-C' containing 2 yc for 23 hours in 
the light. At the end of this period the disks were washed and treated in 
the usual manner. Radioactivity determinations of the total 80% ethanol- 
soluble fractions showed that the activity of the tyrosine-fed disks was only 
80% of that of the phenylalanine-fed disks. Quantitative determinations 
were made of the phloridzin content of the disks and specific activities were 
obtained. The results are shown in Table V. Radioautographs showed that 


TABLE V 


Incorporation of L-phenylalanine-C™ and L-tyrosine-C™ into 
phloridzin in apple leaf disks 


Amount of Radioactivity Specific activity 
phloridzin of phloridzin of phloridzin 
Compound fed (umoles) c.p.m.) (c.p.m./umole) 
L-Tyrosine-C' (G) 0.28 750 2,680 
L-Phenylalanine-C™ (G) 0.31 6,150 19,800 


phenylalanine gave rise to radioactive chlorogenic acid, quercetin glycosides, 
and other phenolic compounds, in addition to phloridzin. Tyrosine-C'* was 
metabolized in a somewhat different manner, radioactivity being prominent 
in certain amino acids (e.g., glutamic acid), organic acids, lipids, and sugars. 

Phloridzin-C™ obtained from the phenylalanine-C™ feeding was degraded 
by the method already described and it was found, on chromatographing the 
hydrolysis products, that all the activity was confined to phloretic acid in- 
dicating that it is either the B ring or the C; chain or both that is formed from 
phenylalanine and that the A ring is not formed in this way. 


The Fate of Phloroglucinol in Apple Leaf Disks 

Ring A of phloridzin has the phloroglucinol configuration of hydroxyl 
groups although it is now established, at least in the case of quercetin (16, 17) 
and rubrobrassicin (15), that this ring is formed from acetate, and that phloro- 
glucinol is not a precursor of these flavonoids. Phloroglucinol was fed to leaf 
disks in order to determine whether it can be incorporated into phloridzin. 
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Vacuum-infiltrated leaf disks (four per treatment) were placed in the follow- 
ing solutions in the light for 21 hours: (a) 0.5 ml of 2X10-* M uniformly 
labelled p-glucose-C'* (5 wc) and 1 ml water. (6) 0.5 ml of 2X10-> M 
uniformly labelled p-glucose-C' (5 pc), 0.5 ml of 0.2% phloroglucinol, and 
0.5 ml water. Chromatograms and radioautographs were made of extracts 
in the usual manner. It was found that, although phloridzin synthesis was 
unaffected, a new radioactive spot appeared on chromatograms of the phloro- 
glucinol-plus-glucose-C'* fed disks and this compound accounted for 29% of 
the activity on chromatograms. Elution of this compound with 80% ethanol 
followed by hydrolysis with either 2 N HCl for 2 hours or with emulsin for 
19 hours yielded radioactive glucose and phloroglucinol which were identified 
chromatographically. The evidence suggested that the new compound was 
phlorin, the {-glucoside of phloroglucinol. This was confirmed by co- 
chromatography with pure phlorin obtained from the alkaline hydrolysis of 
phloridzin (19). 


Synthesis of Phloridzin from Acetate-C'* in Leaf Disks 

Five leaf disks of the variety McIntosh were fed with 1.5 ml of 4X10-* M 
sodium acetate-2-C' (10 uc) in the light for 24 hours. Phloridzin was the 
most prominent radioactive spot on radioautographs and alkaline hydrolysis 
of eluted phloridzin-C'! gave radioactive phlorin, phloroglucinol, and phloretic 
acid. There was four times as much activity in phlorin as in phloretic acid. 


Discussion 


Table I shows that the phloridzin content of dormant shoots of Malus 
clones with different vigor characteristics is remarkably constant. On the 
other hand, the phloridzin content may be affected by the nutritional status 
(Table II). The results for the nitrogen deficient plants confirm those ob- 
tained by Virtanen and Oland (13, 14). These workers found a high accumu- 
lation of phloridzin in stocks of “‘low nitrogen” trees amounting to 5.2% of the 
dry weight as compared with 1.2% in stocks of “high nitrogen”’ trees. They 
believe that nitrogen deficiency results in reduced amino acid synthesis which, 
in turn, makes available larger amounts of carbon compounds, e.g., sugars, 
for the formation of phenolic glycosides. In the present study, calcium 
deficiency also diverted more carbohydrate into phloridzin synthesis. Sulphur 
deficiency, which also affects nitrogen metabolism, appeared to enhance the 
synthesis of phloridzin but to a lesser extent than a deficiency of nitrogen or 
calcium. While phosphorus deficiency produced visual symptoms of greatly 
increased anthocyanin synthesis, phloridzin synthesis appeared to be un- 
affected. It would appear that phloridzin has a different metabolism from 
that of the anthocyanins present in apple in spite of similarities in chemical 
structure. Furthermore, C'* compounds that produced phloridzin with a 
high specific activity failed to produce similar activity in the quercetin 
glycosides in the apple leaf. This is further evidence that the metabolism of 
the other flavonoids is not closely linked with that of phloridzin in Malus. 
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The green leaf is an important site of phloridzin synthesis in the apple plant 
and, in the young plant at least, three times as much may be found in the top 
than in the root. Although phloridzin is readily formed from C'O, in the 
light, it was shown that it may be synthesized from glucose-C' in the dark. 
The discovery that phloridzin can be synthesized in leaf disks was an asset in 
the study of its metabolism since it favored the use of very small quantities of 
radioactive material, and when paired leaf disks were used it enabled a better 
comparison between treatments than when whole plants were used. The 
synthesis of quercetin glycosides by these disks is in contrast to the synthesis 
of quercetin in buckwheat. Watkin et a/. (17) found that detached leaves of 
buckwheat were unable to synthesize quercetin from C!O:; quercetin forma- 
tion required the combined action of stems and leaves. 

Table III shows that, in spite of a decline in activity in ethyl acetate extracts, 
there was little change in phloridzin-C' content 24 hours after it had been 
synthesized from C'QO, in leaf disks. This suggests that phloridzin is not 
readily utilized in leaf disks. A study of its fate in the intact plant would be 
of the greatest interest. Radioactive phloretin was never positively identified 
on radioautographs; phloretin was found on chromatograms of plant material 
which had not been killed with boiling ethanol. 

Table IV shows that phenylpyruvic acid when fed together with glucose- 
C'* to leaf disks caused an increase in phloridzin synthesis. This result, 
together with the results of feeding phenylalanine-C'* and tyrosine-C'* show 
that these phenylpropanoid compounds may, under certain conditions, give 
rise to phloridzin. Phenylalanine-C'* was shown to form the C.-C; moiety 
of the molecule which includes the B ring. Although ring A has the phloro- 
glucinol pattern for hydroxyls, it is apparently not formed from phloroglucinol. 
Acetate-C'* was readily incorporated into phloridzin. Alkaline hydrolysis 
showed that ring A was radioactive. There is therefore agreement between 
these results and the hypothesis of Birch and Donovan (21) whereby ring A is 
built by a head to tail condensation of acetate units. Grisebach (15) has 
shown that ring A of rubrobrassicin, the anthocyanin of red cabbage seedlings, 
is synthesized from acetate. Similarly, Neish and co-workers (16, 17) have 
shown that ring A of quercetin is formed from acetate, ring B being readily 
formed from shikimic acid, phenylalanine, and cinnamic acid derivatives. 

The higher specific activity of phloridzin obtained from phenylalanine 
feeding compared with that from the tyrosine-C' feeding is surprising since 
ring B of phloridzin has a hydroxyl group in position 4. This may indicate 
that hydroxylation of ring B is a late stage in the biogenesis of phloridzin and 
therefore phenylalanine is more easily converted to the precursors of this part 
of the molecule than is tyrosine. On the other hand, tyrosine may be more 
readily utilized in other metabolic processes so that a much smaller amount is 
available for phloridzin synthesis. It was found that tyrosine-C'* is readily 
converted to amino acids, organic acids, and even sugars. We have observed 
this on feeding tyrosine to plants other than Malus. Tyrosine has been found 
to be relatively ineffective as a precursor of quercetin (16) and also of lignin 
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(22) in buckwheat plants. It has been suggested that tyrosine may be de- 
aminated with difficulty in buckwheat. 


Although these studies were primarily concerned with phloridzin, the large 
amounts of p-glucitol-C' formed when glucose-C' or C'O2 were incorporated 
into the metabolizing leaf cannot be ignored. The evidence from these 
experiments is that D-glucitol forms the largest single soluble carbohydrate 
fraction in the metabolizing leaf (Table IV). 
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